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This thesis is a study of the solution chemistry of copper 
compared with that of sodium and silver cations in aqueous solvent 
mixtures, particularly in acetonitrile/water. The results h&ve 
potential applications in improving the efficiencies of various 
hydrometallurgical processes and energy storage batteries. 
The conductivi.ties of copper(!), copper(II), silver and 
sodium cations in organic/water mixtures change on transfer from · 
water to organic/water mixtures in a way whJch shows that the ions 
undergo heteroselective salvation. The salvation shell compositions 
of these ions are estimated from their conductivity values in 
acetonitrile/water mixtures. 
The ionic thermodynamic functions (free energy, enthalpy, 
entropy and partial molal volumes) of transfer from water to various 
solvent mixtures reflect specific ion-solvent interactions which have 
been interpreted in terms of various salvation models. This 
information explains the nature of some leaching reactions of 
hydrometallurgical importance. 
The kinetics of the electroreduction of copper(II) to 
copper(!) and copper(!) to copper(O) in acetonitrile/water mixtures 
show that both of these reductions are fast and reversible on 
platinum, glassy carbon and mercury electrodes. The standard 
heterogeneous rates of electron transfer depend on the concentration 
of acetonitrile, the nature of the electrode material and the 
chemisorption of acetonitrile on the electrode surface. 
iii 
The knowledge of the solution chemistry of copper ions in 
acetonitrile/water is used to design and investigate an energy 
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This thesis describes an investigation into the solution 
b h · f + d C z+ i i . N + d A + . 
. 
e av1our o Cu an u ons n comparison to a an g ions in
1 
organic/water solvent mixtures, particularly in acetonitrile/water 
mixtures (AN/Hz0). There is a special emphasis on the application of 
+ 2+ + Cu , Cu , and Ag salt solutions to hydrometallurgy and storage
batteries. This chapter discusses the need for this study and
outlines the contents of the subsequent chapters.
The cuprous ion is unstable in water, therefore, 
equilibrium E.1.1 lies well to the left (K = 10-6 mol 1-1 ) 1 in
+ 
+ E.1.1 
aqueous medium. In the presence of acetonitrile (AN), the 
equilibrium (E.1. 1 ) is shifted to the right, due to the stabilization 
+ of Cu through the formation of copper(I)-acetonitrile complex,
+ 6 -1 Cu (AN) (n = 2 to 4), e.g. K � 10 mol 1 in aqueous solutionsn 
containing about 10 mole% AN.2 In water containing AN, the cu
2+/Cu+ 
2 0 couple is a strong oxidizing agent (E = 0. 5 - 0. 6 V vs SHE
) and has
been successfully used as an oxidative leaching reagent for various 
metals and metal sulfides,
2-4 e.g. equations E.1.1 - E.1.8 represent
some of the possible reactions which utilise the oxidising ability of 
h C 
2+ .









+ 2Cu+ + S E.l. 2+ 
+ + 
2Cu + CuS E.1.3





















The observation that equilibrium E.1.1 and other related 
equilibria can be driven in the forward direction by the addition of 




h 3 h d . · 1 aceton1tr1 e an ot er n1tr1 es sue as - y roxypropanen1tr1 e 
(HAN) to water has found applications in the hydrometallurgy of 
2 5 6 
copper and forms the basis of a number of patents. , , In simple 
terms, these hydrometallurgical processes involve the preparation of 
+ 0 
stable Cu solutions by reactions such as E.1.1 to E.1.8. Pure Cu 
metal is then recovered from the Cu
+ 
solution by reversing 
2 
2 
equilibrium E.1.1 via thermal disproportionation (i.e. by distilling 
AN f h 1 . ) b 1 h 
· 
1 d' 
· · 2, 7 , 8 
rom t e so ution or y e ectroc emica 1sproport1onat1on 
(electrowinning using an inert anode). Another application is in the 
7 8 + 
electrorefining of impure copper ' by the electrolysis of Cu salt 
solutions containing AN or other,nitriles using soluble copper anodes. 
These electrorefining and electrowinning processes being one electron 
processes, have been shown to be more economical and consume less 










2+ + . 




0, the Cu /Cu /AN/H
2
0 half cell at an inert 
electrode can be incorporated into a redox cell and used as an energy 
storage battery.
9 




Cu salts in AN/H
2
0 make it desirable to fully understand the 
I I 
salvation behaviour of the copper ions as a function of the AN/H
20
composition. For example, the changes with the solvent composition 
in free energy, enthalpy and entropy associated with various 
equilibria involving these ions, if known and understood, allow one 
to optimise conditions for various leaching reactions. The 
0 
applications involving electrowinning or electrorefining of Cu and 
2+ + 
those for Cu /Cu /AN/H
2
0 batteries, require knowledge of both the 
conductance of ions in solution (the diffusion coefficients) and the 
2+ + + 0 
electrode kinetics of the Cu /Cu and Cu /Cu couples in AN/H
2
0 
mixtures. This is because the electrode reactions may not be 
diffusion controlled and the rate of electron transfer may vary with 
the electrode material. The knowledge of the electrochemical 
behaviour of C z+ d C + . . 1 . h 1 h . u an u ions is a so important to t e  eac ing
reactions (equations E.1.1 - E.1.8) which, being redox reactions, 
could be interpreted as electrochemical corrosion reactions. The 
electrochemical characteristics of 
2+ + + 0 
Cu /Cu and Cu /Cu couples 
need to be understood if the corrosion (mixed) potentials are to be 
rationalised and the leaching is to be optimised. 
The purpose of this work is, therefore, two-fold: 
2+ + 
a. to study the salvation chemistry of Cu and Cu ions compared 
with other relevant cations in various solvent mixtures, 
particularly in AN/H20 mixtures;
3 
b. to apply the revealed solution chemistry of these ions to obtain
a better understanding of various industrial processes based on
2+ + 
Cu and Cu electrolyte solutions. 
This work, therefore, centres around a comparative study 
of the conductance, molal volume, thermodynamics and the 
4 
electrochemistry of copper and other cations in a variety of solvent 
mixtures such as acetonitrile/water (AN/H20), 3-hydroxypropanenitrile/
water (HAN/H20) and pyridine/water (Py/H20). The effect of
solvation of Cu+ and Cu2+ ions on these properties is compared with 
the corresponding effects of the salvation of Ag+ and Na+ ions. The 
Ag+ ion is chosen for comparison because it has a dlO electronic 
+ + configuration similar to Cu , thus it is chemically similar to Cu . 
The Na+ ion is chosen because its crystallographic radius (r tcrys 
+ + + Na = 95 picometre (pm)) is very close to that of Cu (r Cu =cryst 
96 pm), and hence both of these ions have similar charge densities. 
However, the Na+ ion, unlike Cu
+ and Ag
+
, has a closed valence shell 
and is expected to respond predominantly to Born type10 electrostatic 
interactions with solvents. + The solution chemistry of Na could 
therefore be used as a reference point to reveal information on ion­
solvent interactions other than the Born type and so account for 
deviations of other ions from the simple electrostatic model 
behaviour. 
Chapter 2 reviews the, influence of AN on the structure of 
water in AN/H20 mixtures. Chapter 3 compares the conductance
beavhiour of Na+, Ag+, Cu+ and cu
2+ 
ions in AN/H20, HAN/H20 , Py/H20 
and ethanol/water (EtOH/H
2
0) solvent mixtures and the effect of 
preferential salvation on ionic conductivities in mixed solvent is 
discussed. The free energies (bGt), enthalpies (�Ht) and the 
+ + + 2+ entropies (bSt) of transfer of Na , Ag , Cu and Cu ions from water 
to various organic/H20 mixtures are compared in Chapter 4. The
results are interpreted in terms of the changes �n the compositions 
of the salvation shells of the ions and their interactions with the 










0 mixtures is discussed in
Chapter 5. The observed changes in the partial molal volumes of 
these ions on transfer from water to AN/H20 mixtures are rationalised
in terms of the heteroselective salvation of ions in this solvent 
system. The results of Chapters 3, 4 and 5 are used in Chapter 6 to 
.d h h d i f 1 hi i . 1 · C
Z+ 
consi er t e t ermo ynam cs o· some eac ng react ans invo ving u 
+ · 2+ + + 0 
and Cu ions. The electrode kinetics of the Cu /Cu and Cu /Cu 
couples in AN/H20 mixtures on various conducting surfaces are
considered in Chapter 7. Finally, the results of the thermodynamics 





mixtures are used to design and investigate the performance of a 






couples which is discussed 
in Chapter 8. 
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CHAPTER 2 




Solvent-solvent interactions lead to solvent structure and 
this plays a vital role in determining the solution chemistry of 
dissolved ions.
1 Since a major aim of this work is to compare the
solution chemistry of cations in AN/H
2
0 mixtures, it is important to 
know the influence of dissolved AN on the structure of water. This 
7 
chapter considers, in general, the influence of organic polar and 
apolar groups on the structure of water and reviews the properties of 
AN/H
2
0 mixtures relevant to this work. 
A solution of AN in water can be considered to be an 
aqueous solution of a solute containing a polar-C=N unit which can 
interact with water through dipole-dipole (H-bonding) interactions 
and an apolar alkyl group (-CH3). Therefore, the influence of AN on
the structure of water can be eapily rationalised by considering the 
possible effects of polar and apolar solutes on the structure of 
water. 
2.1.1 EFFECT OF AN APOLAR SOLUTE ON THE STRUCTURE OF HATER 
A b f k 2-15 h . d num er o wor ers ave carr1e out extensive
investigations on the behaviour of apolar solutes in water at 
infinite dilution. Comprehensive reviews on this topic are available 
in the literature
16-19
and show that even though apolar solutes such
as inert gases and hydrocarbons have no electrostatic field to
disrupt the water-water structure, they show a large decrease in
8 
entropy, on solution in water. The entropy loss is a function of the 
size and shape of the apolar solute and is also dependent on the 




hydrocarbons in water is negative and is also a function of the 
physical characteristics of the solute. The low solubility of 
these solutes in water is a consequence of the negative entropy of 
solution (6S 
1
) which overcomes the favourable (negative) 
so n 
16-19 12
enthalpy. Based on these observations, Frank and Evans put
forward the most popular explanation that the presence of the apolar
solute molecule causes an increase in the order of the water
surrounding the solute. This region of increased ordering is
labelled as an 'ice berg'. Hertz
20 
calls this 'solvation of the
second kind' or 'hydrophobic hydration'. The reinforcement of the
water structure around the hydrophobic ion is responsible for the loss
of entropy and exothermic mixing at lower concentrations of the
apolar solute.
2.1. 2 EFFECT OF A SOLUTE CONSISTING OF AtJ APOLAR GROUP ATTACHED TO 
A POLAR GROUP ON THE STRUCTURE OF HATER 
The aqueous solution behaviour of a solute consisting of a 
polar group attached to a nonpolar alkyl group (mixed solute) such 
as alcohol, ether, amine, etc. depends on the relative importance of 
16 17 
the polar and the apolar group. ' For example, due to the large 
negative entropy of hydration of the apolar group, the solute tends 
to remain out of solution, whereas the polar group which can hydrogen­





solution properties in this case vary from solutes which are miscible 
with water in all proportions to solutes which have only a limited 
solubility. On the basis of the relative importance of the two 
constituent functional groups, such solutes are divided into two 
16 17broad categories: ' 
a. The solutes which predominantly show hydrophobic hydration,
i.e. the solutes with greater influence of the alkyl residue
(apolar group) than the polar group. Their solution 
thermodynamics are entropy dominated, i.e. T6SE > �HE where �SE 
and 6HE are the excess entropy and excess enthalpy of mixing of. 
the- solute with water, respectively. 
9 
b. The solutes which are hydrophilic and do not show the
characteristics of the apolar group. The solution thermodynamics
of these solutes are enthalpy dominated, i.e. tHE > T llSE.
According to Franks17, the aqueous solution behaviour of a 
mixed solute is determined by several features of the solute 
molecule, (1) the number of hydrogen bonding sites in relation to 
the size of the nonpolar residue, (2) the number of internal degrees 
of freedom of the solute molecule, (3) the degree of unsaturation 
or aromaticity of the hydrocarbon residue, (4) the relative positions 
of the polar groups and their freedom of rotation and conformation. 
It has generally been observed that the monofunctional 
solutes such as the alcohols, give rise to solutions which resemble 
closely those of hydrocarbons, although not to the same 
t 16,17,21 exten . The size of the alkyl group rather than the
hydrogen bonding group has a pronounced effect on the aqueous 
16 17 21 solution properties. ' ' Thus the solution thermodynamics (e.g.
deviations from ideal behaviour) are dominated by large negative 
entropies rather than by the enthalpies of mixing at low concentrations 
of the solute. 21 The limiting partial molar volume of theexcess 
-oE -oE -o where -o is the limiting partial molar solute v2 (V2 
= 
vz - Vl. ' Vz iq 




normal molar volume) is always negative. 11 In other words, the 
10 
molar contribution of the solute to the total volume of the system is 
less in aqueous solutions than in the pure liquid solute. Some 
-oE 
values are given in Table T. 2.1, showing that v
2
depends on the size 




) becomes larger with increasing carbon number. The








is the mole fraction of the solute in the aqueous 
1 i ) ' . d h h ' . 
17 
so ut on 1s negative an passes t roug a minimum. This means 
that the contribution per mole of solute to the total volume of the 
system decreases with concentration in dilute solutions. As the size 
of the apolar group (the alkyl group) increases, the minimum moves to 
a lower x
2 
and becomes more sharply defined.
17 
This behaviour is 
related to the reinforcement of the water structure around the 
hydrophobic solute and the fitting of the solute molecule into the 
22 
void spaces of the water structure. The hydrophobicity of the alkyl 
residue is enhanced, as the number of carbon atoms (size) increases 
and hence the volume effect becomes pronounced. The minimum which is 
observed in many v
2
(x
2) curves could be considered as being the point at
which the reinforcement of solvent sheaths begins to be replaced by 
interference between the solvent sheaths, because at that 
concentration of the solute there is no longer sufficient solvent to 
support the full structuring ability of the solute molecules.
16 





dependent on the relative influence of the polar and apolar group of 
the mixed solute.
22 
As the influence of the apolar group decreases





) decreases in magnitude and in the case of very polar
- ---------�------- - - -�,-------- - -----,--------,-�,-----,---�-==����-
11 
TABLE T.2.1: Limiting excess partial molar volume (V�) of simple 
solutes in aqueous solution (volume of the pure 
liquid solute adopted as the reference state). 

















a. Values taken from reference 17.
b. Reference 33.
12 
hydrophilic solutes, the slope is near zero or even positive, i.e. 
no minimum in V 2 (x2) is observed, e.g. see Figure F. 2. 1. The
positive slopes which are observed beyond the characteristic minimum 
for the hydrophobic type solutes are taken to be indicative of the 
. 16 22 breaking of water structure. ' 
The thermodynamics of the solution behaviour of hydrophilic 







A number of models have been put forward by various workers ' to 
explain the behaviour of this kind of solute in aqueous solution. 
The Robinson and Stokes semi ideal solution mode1
23
, the Kozak et al
model 
24 
based on the McMillan-Mayer theory
25 
a11d the specific hydration model
proposed by Tait et a1
26 
are prominent in this field. Franks et a1
27 
have considered the volumetric and other thermodynamic properties of 
such solutions in terms of these three models and have shown that the 
specific hydration model does indeed provide a better description of 
these solutions. Franks and Reid
16 suggest that at the present time
the thermodynamic properties of aqueous solutions of hydrophilic 
solutes can best be explained in terms of the specific site hydration 
model. This model postulates that the long range interactions of 
the solute with water are absent as a consequence of the equilibrium 
between the hydration water and the lattice component of the bulk 
water. This is in marked contrast to the behaviour of solutes with 
apolar groups, which are believed to produce an altered structural 












--:. mole fraction of the solute 
0-1 0-2 0-3 0-4
t-BuOH
- E
Excess volumes of mixing (V
2
) of various solutes
with water, plotted against the mole fraction of 
the solute (x2) in the solute/water mixture.
Values taken from reference 16. 
2. 2 EFFECT OF ACETONITRILE ON THE STRUCTURE OF �JATER 
Having discussed the general salvation behaviour of 
14 
apolar and polar solutes in water, the experimental results from the 
literature
28-38 for the influence of AN on the structure of water 
can be rationalised as follows: 
28 29 
Morcom and Smith , and Vierk 
have measured the excess enthalpy of mixing (6HE ) of AN with water
as a function of AN concentration. Their results (Figure F.2.2 ) 
E 
show that at low AN content (less than four mole%) the 6H is 
negative but as the mole percent of AN increases, the 6H
E 
goes
through an endothermic maximum. This behaviour is very similar to 
t-BuOH and other alcohols
16 
(Figure F.2.3 ) except that in the case
of AN/H
2
0 the exothermic region is at a very low concentration of
the organic component and the exothermicity is very small. This 
result suggests that up to four mole percent concentration of AN, the 
aqueous solution behaviour of AN is dominated by the hydrophobic 
interaction of the -cH3 group with water, i.e. the water structure is
reinforced so that the 6H
E 
is negative. Beyond this concentration
of the AN, the mixing is endothermic because of the breakage of the 
water structure. There is no other work available in the literature 
for the region < four mole% AN concentration to support that the 
exothermic mixing in this region is due to the hydrophobic 
reinforcement of the water structure. However, some degree of 
support to this conclusion comes from the observation that the 
viscosity of AN/H
2
0 mixture increases up to � five mole% AN and
then shows a monotonic decrease as the concentration of AN is 
. 30 31 increased. ' Lanning and Chambers
31 
have also reported that their
voltaunnetric study of the hydrogen ion/hydrogen couple in AN/H
2
0
exhibits evidence of some weak intensification of the water structure 
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Excess enthalpy of mixing, 6H , of H2
0 + AN, 
plotted against the mole% of AN at various 
temperatures, (A) 318.15 °K
a





, (e) 293.15 °K
b
.
(a) Data from reference 28.
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Figure F.2.3: 
E 
Excess heats of mixing (6H) of various 
I ! 
alcohols with water as a function of the 
alcohol concentration. 





The excess partial molar volume of AN (VEAN) in AN/H20 is
negative for all compositions of AN/H20 mixtures
32, 33 which reflects
the importance of the void spaces in the water structure where the 
acetonitrile molecules are accommodated.33 However, as the 
concentration of AN in AN/H20 mixture is increased, the partial
molar volume of AN 
and then increases 
32 33 state ' (Figure 
f . d 33 d · ormami e an is 
(VAN) increases sharply up to about 30 mole % AN
gradually to its volume in the pure liquid 
F.2.4). This behaviour is similar to that of
in contrast to that of t-Bu0H and other
alcohols16, 32 which show an initial dectease in their partial molal
volume, due to the hydrophobic effect, as explained earlier. This 
observation indicates that AN acts more like a hydrophilic solute in 
water. The addition of AN breaks the hydrogen bonds of water either 
by forming weak intercomponent hydrogen bonds or by a bulk dilution 
effect, thereby reducing the void spaces in the water structure. 
This results in an increase in the VAN value as the concentration of
AN is increased in the AN/H20 mixture. The breaking up of the water
structure by the addition of AN is also evident from the partial 
molar volume of water at 25 °C in AN/H20, throughout the AN/H20
composition range of the mixed solvent (Figure F.2.5). This is less 
than its normal molar volume at 25 ° C ( 18.0 cm3) at all the 
compositions.33 This result indicates that, due to the breakage of
its three dimensional clusters, the water assumes a more dense 
two-dimensional or monomeric form in the presence of AN. 
32 
Armitage!:.!_ al have found that a maximum in ultrasonic 
sound absorption occurs at the same concentration of AN in AN/H20, at
which an inflection in the partial molar volume of AN is observed 
and the intensity of the sound absorption increases with a decrease 









0 20 40 60 80 100 
mole % AN in AN/H 2 0 mixture
Figure F.2.4: Partial molar volume AN (VAN) plotted as a function of the concentration of AN in AN/H20
mixture. 
Data from: Solid line, reference 33; x, Aprano, A.D. and Fuoss, R.M., J. Phys. Chem., 
2.l, 400 (1969); �, reference 34; ■, Cunningham, G.P., Vidulich, G.A. and Kay, R.L.,











o in 2 mixture 
80 
Partial molar volume of water (V, H20), plotted against the
concentration of water in AN/H20 mixture.





shows an upper critical solution temperature of -1° C. These 
results indicate that AN does not reinforce the structure of water 
like alcohols, rather it breaks its structure. Support to this 
conclusion also comes from the observation of Grant-Taylor and 
MacDonald34 that the thermal-pressure coefficient S [S = (:�)VJ'
increases rapidly upon the addition of acetonitrile and then changes 
sign at approximately 30 mole% AN. Further addition of AN is shown 
to have little effect on s. Since all these properties are 
related to the void spaces of the water structure, i.e. its three 
dimensional network configuration, an inflection at ca. 30 mole% 
suggests that most of the structure breaking effect of AN on water 
is complete at this composition. The coefficient of isothermal 
compressibility (K) of AN/H20 at 25
° C exhibits an initial decrease
upon the addition of AN to water and at concentrations of AN greater 
than 10 mole%, K increases monotonically with composition34 
(Figure F.2.6). However, the excess isothermal compressibility, 
KE ( K Kid h K
id i h . h l 0 b·1· f AN/H 0= - w ere s t e 1sot erma compressi 1 ity o �2 
if the mixture was thermodynamically ideal) is negative and passes 
h h 
. . 
b 30 1 % AN i h 1 · 34t roug a minimum at a out mo e o n t e so vent mixture 
(Figure F.2.7). The inflection in the isothermal compressibility at
ca. 10 mole percent of AN may be related to the reinforcement of
the water-structure around that concentration of AN, in line with
the exothermic mixing in that region. Beyond this composition the
water molecules follow the most efficient mode of packing becaus,of
the breakage of the hydrogen bonds until at 30 mole% AN/H20
composition where the solvent mixture acquires essentially a non­
aqueous character. Thus the excess isothermal compressibility 
continues to decrease up to 30 mole percent. However, it must be 
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Plot of excess isothermal compressibility, K
E
,
as a function of composition of the AN/H
2
0 
mixture at 298.15 °K. Data from reference 34.
22 
% AN for all the properties except the tHE is lacking, therefor�, 
the hydrophobic hydration effect of the -cH
3 
group of AN on the
water structure cannot be clearly defined. 
23 
In addition to the thermodynamics data, other spectroscopic 
techniques such as the infrared (IR) and the nuclear magnetic 
resonance (NMR) also indicate that the addition of AN to H20
11 b k h f K 1 h ff d Ch .. 35actua y rea s t e structure o water, e.g. o t o  an antooni 
have sµggested that the infrared spectral work of Scherba et a136 
indicates that as AN is added to water, the three dimensional 
clusters change into two-dimensional structure, so that AN/H20
mixtures containing> 70 mole% AN have essentially a dipolar-aprotic 
character. They suggest that in 90 mole% AN/H20, the water is
essentially monomeric, i.e. no water-water nearest interactions are 
observed. The probable structural unit is thought to be: 
37 NMR studies on mixtures of AN/H20 by Jezorek , and Schneider and
Strehlow38 indicate that the addition of AN to water, causes a steady 
increase in breaking of the water-water hydrogen bonds up to a 
solvent composition of about 60 - 70 mole % AN. According to these 
authors, water-water interactions persist throughout the composition 
range from pure water to an aqueous mixture containing at least an 
equal mole percent concentration of AN. In the region 60 - 70 mole % 
AN, the water-water interactions begin to disappear rapidly and 




Most of the available data on the properties of AN/H
2
0 
mixtures indicate that the effect" of the addition of AN to water is 
to decrease the three dimensional cluster contribution to the 
structure of water. Up to 30 mole% AN, the AN/H20 mixture is
essentially aqueous in nature. Although water-water interactions 
persist, even at high concentrations of AN, most of the three 
dimensional structure of water disappears by 30 mole% concentration. 
Therefore, beyond 30 mole% AN, the AN/H2
0 mixtures behave
essentially as normal non-aqueous solvents. The enthalpy of mixing 
of AN with water in the composition range Oto 4 mole% AN suggests 
an initial reinforcement of the water structure. However, due to 
the lack of other reliable data in this region, this interpretation 
is at present only suggestive. 
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CHAPTER 3 
CONDUCTANCE BEHAVIOUR OF CATIONS IN MIXED SOLVENTS 
3.1 INTRODUCTION 
Transport property measurements of electrolytes in aqueous 
and non-aqueous solvents provide useful information on ion solvent 
interactions. They provide kinetic information in the form of ionic 
mobilities and thermodynamic information in the form of ionic 
association constants. Conductance studies in pure and mixed 
solvents have been used to gain an insight into the changes in the 
salvation shells of ions in different solvents and to study the 
ionization of electrolytes and the mobilities of ions as functions 
1-16
of the nature and structure of the solvent. Apart from
explaining the salvation phenomenon, the study of ionic conductivities
is of relevance to the kinetics of many hydrometallurgical leaching
reactions and other processes such as electroplating, electrowinning,
electrorefining, etc.
+ + + 
In this chapter, the conductivities of Na , Ag , Cu and 
2+ 
Cu ions in various solvent mixtures are compared and rationalized 
in terms of the changes in the salvation shells of the ions when 
transferred from water to organic/water mixtures. The implications 
2+ +·
of the results to the potential applications of Cu /Cu -organic/ 
water solutions are also considered. 
3.2 EXPERIMENTAL 
3.2.1 REAGENTS 
3.2.1.1 Conductivity water 
29 
Water was passed twice through a mixed bed ion exchange 
resin column and the doubly deionized water so obtained was distilled 
from alkaline KMn0
4 
in an all glass apparatus. The middle cut was 
collected and stored in a pyrex glass ground-stoppered bottle under 
nitrogen. The specific conductance of this water was found to be 
-2 -1
2 x 10 ms m • 
3.2.1.2 Acetonitrile (AN) 
The acetonitrile (LR, Ajax Chemicals Ltd) was distilled 
twice from potassium permagnate. The distilled AN was allowed to 
stand over calcium hydride for 48 hours. After decanting, the AN 
was refluxed over fresh calcium hydride for six hours. Finally it 
was fractionally distilled under high purity nitrogen from calcium 
hydride using a 1:1 reflux ratio. The purified AN was stored in a 
standard joint flask, under nitrogen. 
3.2.1.3 3-Hydroxypropanenitrile (HAN)
Fluka purum sample of HAN was made slightly acidic with 
H2so4 and distilled under reduced pressure (1 mm Hg). The middle
fraction boiling at 80- 90° C was collected. The distilled product 
had a high conductance (10 mS m-1), therefore, it was deionized by
passing through a cation exchange resin (Bio-Rad. AG 50W-X8, H-form) 
and then through an anion exchange resin (Amberlite IR-45, -OH form). 




1.0395 kg dm at 25 ° C. This density corresponded to a solution of 
90% w/v of HAN in water.
17 
Since this work requires HAN/H20
mixtures, it was not necessary to dry the solvent. 
3.2.1.4 Pyridine 
Baker analysed (AR) sample was distilled twice through a 
fractionating column and the middle fraction boiling at 115° C 
(760 nun Hg) was collected and stored under nitrogen. 
3.2.2 PREPARATION OF ELECTROLYTE SOLUTIONS FOR COMDUCTAt�CE 
MEASUREMENTS 
A sample of Analar B.D.H .. AgN0
3 
was dried carefully at 
78 ° C under vacuum (1 mm Hg) for five hours. Analar B.D.H. NaN0
3 
was 
recrystallised from conductivity water, heated for 3 hours at 
150 - 180 ° C in an oven and then finally dried under vacuum at 117° C 
under reduced pressure (1 nnu Hg) for 12 hours. Stock solutions of 
NaN03 and AgN03 
in the required solvent mixture (nitrile/H20 or
Py/H20) were prepared from weighed amounts of the dried salt in a
known weight of the solvent. 
Stock solutions of Cu(I)N03 in the required solvent
mixture (nitrile/H20 or Py/H20) were prepared by stirring a
solution of AgN0
3 
in the solvent mixture with excess copper powder 
under a nitrogen atmosphere. The precipitated silver and excess 
copper were removed by filtration. The resulting solutions were 
standardised by titration of Cu(I) with KMn04 in the case of AN and
iodometrically after oxidation with nitric acid in the case of HA!\f 




0 were sensitive to 
: I 
31 
atmospheric air and changed to blue coloured solutions almost 
immediately when exposed to air. Therefore, special precautions 
were taken to exclude air while handling all Cu(I)N0
3 
solutions. In 
general, all manipulations involving Cu(I)N03 solutions were
performed in a glove bag filled with high purity nitrogen. 
Similarly Py/H
2
0 solvent mixtures were also found to be very
sensitive to the atmospheric co
2 
and their conductance tended to
increase with time. Thus fresh Py/H
2
0 mixtures were prepared when 
ready to use and were always handled under nitrogen. 
Stock solutions of Cu(II)N03 in various solvent mixtures
were prepared by dissolving weighed amounts of BDH analar 
Cu(N03)2·3H20 in known weights of solvent mixtures. The solutions
were standardised iodometrically for the Cu
2+ 
ion concentration.
Solutions for conductance measurements of all the electrolytes were 
prepared by dilution of weighed amounts of the stock solution with 
the solvent mixture. 
3.2.3 EQUIPMENT 
The conductance measurements were made using a Philips 
PW 9501/01 conductivity bridge and a Philips PW 9511 conductivity 
cell of cell constant 0.725 cm-
1
. The cell constant was determined
by measuring the conductance of KCl solutions in conductivity water 
at 25 °C in the concentration range O. 001 - 0 .1 M. The temperature of 
the conductivity cell was kept constant to ± 0.01°C by circulating
water around the cell from a Calera thermostated water bath and 
setting up the apparatus in a temperature controlled laboratory. 
! I 
3.3 RESULTS AND DISCUSSION 
The molar conductivities (A) of NaN03, AgN03, CuN03 and
½Cu(N03)2 (represented as MN03) in the concentration range,
32 
1 x 10-4 M - 1 x 10-2 Mat 25 ± 0.01 °C in various compositions of
AN/H20, HAN/H20 and Py/H20 were measured and the conductances at
infinite dilution (A 0 ) were obtained from the plots of A vs le where 
C is the concentration of the electrolyte solution (the molar 
conductances of NaN03, AgN03, CuN03 and !2Cu(N03) 2 also represent
the equivalent conductivities of these electrolytes). The A0 values 
are shown in table T.3.1. The data for NaN03 and CuN03 has also
been analysed using Fuoss-Onsager-Skinnel8,19 equations E.3.1 and E.3.2. 
>.. = AO 










+ E'cyln(-c 2 y) + Ley - KA cyf/A E • .3.1 
2E'c ln T + Le . . . E.3.2
For meanings of various symbols in equations E.3.1 and E.3.2, the 
references 18 and 19 may be referred to. No ion association has 
been detected. The values obtai.ned from A vs /c are in close 
. 18 19 agreement with those obtained via the Fuoss-Onsager-Skinner equations ' 
The values obtained by the two methods are compared in table T.3.2, 
where the values of the a0 parameter, which represents the distance 
of closest approach of ions, are also shown. The a 0 parameter for 
NaN03 shows an increase with increasing concentration of AN in the
mixture and the values are higher than the sum of the crystallographic 
radii of Na+ and N0-3. (r Na
+ + r NO-= 361 pm20 _ cryst cryst 3 , where pm
represents picometre). The a0 values for CuN03 also show an incre.ase
with increasing AN concentration in the mixture. At lower 
concentrations of AN, e.g� at 3.62 mole% of AN in AN/H20 the a
0 
value is lower (185 pm) than the sum of the crystallographic radii 
of Cu+ and No·; ions ( 360 pm) 
20 Since a major aim of this work is
Table T.3.1: Molar conductance (A 0) data for NaN03, AgN03, CuN03 and Cu(N03)2 in AN/H20, Py/H20 and HAN/H20 at 25 ± 0.01
° C
0 X g 0 
103 X 1/ Solvent Solventmole % 
10 x \rno 
2 3 mS m mo1-l M =
0 10 x ANaPic 
Rw MN03
M = 
0 10 x AN03_ 
b 10 x AM+ 0 




-1 -1 kg m s Na+ Ag+b Cu+ \iCu2+ 
AN/H20 0.0 0.8903 119.0 130. 0 (131) 
d 127 
3.6 0.960 115.0 109.5 106.0 121.2 
7.7 0.968 113.5 103.5 98.0 118.4 
12.4 0.940 116.0 101.5 99.5 122.9 
24.7 0.820 199.0 105.0 102.5 132.8 
42.9 0.625 126.0 118.0 113.0 143.1 
56.1 0.520 135.0 132.5 126.5 -
75.5 0.395 153.0 155.0 145.0 -
100.0 0.341 183.3c 192.6c
 171.4c -
HAN/H20 0.0 0.8903 119.0 130.0 (13l)
d 
1.4 0.960 129.0 116.0 -
2.9 1.020 127.0 108.0 100.0 
4.5 1.100 120.0 99.0 -
6.2 1.160 114.0 93.0 82.0 
10. 2 1.320 108.0 89.0 74.0 
15.0 1.480 101.0 85.0 68.0 
20.9 1. 700 91.0 78.0 64.0 
38.2 2.120 80.0 71.0 -
Py/H20 0.0 0.8903 119.0 130. 0 (131) 
d 
127.0 
1. 2 - 113.5
2.4 1.116 100.8 76.0 75.7 -
5.3 1.336 85.0 62.0 62.0 68.0 
12.8 1.800 63.0 49.0 46.0 50.2 
25.6 2.190 50.5 37.5 36.3 39.5 
47.8 1.894 51.5 40.0 36.6 38.2 
100.0 0.885 79.of 86.9e - -










Na+ Ag+ Cu+ 
1.00 1.00 1.00 
1.04 0.91 0.87 
1.04 0.87 0.81 
1.03 0.82 0.80 
0.92 0.74 0.72 
o. 74 0.64 0.61
0.66 0.59 0.56 
0.57 0.53 0.49 
0.59c 0.57c a.soc 
1.00 1.00 1.00 
1.17 0.96 
1.22 0.95 0.87 
1.24 0.94 
1.25 0.93 0.81 
1.34 1.01 0.84 
1.41 1.08 0.86 
1. 45 1.14 0.93
1. 60 1.30
1.00 1.00 1.00
1.06 0.73 0.72 
1.07 0. 72 o. 71 
1.07 0. 76 0.71 
1.04 0.71 0.68 


















ms m 2 mol -1 Na+ Ag+ Cu+ ½Cu
2+ ms m 2 mol 
69.0 50.0 61.0 (62.0)d 58.0 31.0 
67.0 48.0 42.5 39.0 54.2 29.0 
63.5 50.0 40.0 34.5 54.9 29.0 
62.0 54.0 39.5 37.5 60.9 31.5 
61.0 58.0 44.0 41.5 71.8 36.5 
63.0 63.0 55.0 50.0 80.1 46.0 
69.5 65.5 63.0 57.0 - 54.0
81.0 72.0 74.0 64.0 - 68
106.4c 76.9c 86.2 c 65.0c - 78.5c 
a. Viscosity values for AN/H20 from reference 11; HAN/H20 from reference 17; Py/H20 from Dunstan, A.E., Thole, F.B.T. and Hunt, J.S.,
J. Chem. Soc., 91, 1728 (1907). b. Reference 11. c. Reference 1. d. Extrapolated value from the plot of Ao vs mole % AN in
A�/H20 mixture.- e. Luder, W.F. and Kraus, C.A., J. Am. Chem. Soc., .§2., 2481 (1947). f. Calculated from thefNa+ and \
0




MNO x ri)water. 










Table T.3.2: i\ 0 and a 0 parameters determined from the analysis of 
the conductance data by the Fuoss-Onsager-Skinner 
equation.
a 

















10 X i\ 0 
2 -1
























c. For meaning of the symbol a 0 see text.
10 x A ob (mS m2 mol-l)
from 












to compare the conductivities of various cations, no attempt is 
made in this work to explain these observations. However, it is 
sufficient to note that similar observations in a number of solvents 
b S 21 R 22 v 5,23 d 10 . l y esta , amanamurty , �ay an Yeager are quite we 1
known in the literature. 









24 According to the Stokes law for the conductance of an 
ion in solution, A 0 , the ionic equivalent conductance at infinite 




where Z is the absolute magnitude of the ionic valence, e is the 
electronic charge, F is the Faraday constant and rs is the
hydrodynamic or the solvated radius of the ion and n is the viscosity 
of the solvent. 
25 The product A 0 n is called 'Walden product'. It
follows from E.3.3 that the Walden product of an ion is inversely 
proportional to the solvated radius of the ion in solution. This 
means that a decrease in the value of the Walden product of an ion, 
on transfer from one solvent to another reflects an increase in the 
solvated radi�s of the ion and vice versa. Similarly the relative 
values of the Walden product of two ions in a particular solvent 
reveal the ionic size difference of the two ions, i.e. the ion with 
a lower value of the Walden product will have a 
smaller solvated radius. Since a major purpose of this work is to 
compare the changes in conductance of Na+, Ag+, Cu+ and cu
2+ cations 
arising from the salvation phenomenon, it is fruitful to compare the 
36 
ionic Walden product (A 0 n) values rather than the A 0 values 
because the Walden product eliminates the viscosity effect from the 
comparison. In order to put the Walden products in different 
solvents (x) on the same scale as in a reference solvent (water), 








The A 0 MN03 values from table T.3.1 are converted to Rw
x 
values and are plotted in figures F.3.1 to F.3.3 against mole 
percent of the organic component in the organic/H20 mixture. The
figures F.3.1 to F.3.3 show that the behaviour of AgN03 and of CuN03
is very much different from that of NaN03 in AN/H20, HAN/H20 and
Py/H20. The NaN03 shows an initial increase in its Rwx function
when a small amount of the organic component is added to water. 
It goes through a maximum at about 10 mole percent of the organic
component and then shows an almost monotonic decrease in its value 
as the concentration of the organic component is increased beyond 
10 mole percent. On the other hand AgN03 and CuN03 both show a
sharp decrease as a small amount of the organic component is added 
to water. This further decreases gradually as more of the organic 
component is added to the solvent mixture. The initial drop in the 
Rwx value is greater for CuN03 than for AgN03. The ½Cu(N03)2 shows
a trend very similar to that of NaN03 in AN/H20 mixtures (Figure
F.3.1) whereas in Py/H20 its behaviour is similar to that of AgN03
and CuNo3 (Figure F.3.3), i.e. unlike NaN03, ½Cu(N03)2 shows a
sharp drop in its R x value as a small amount of Py is added to 
w 
water. Since the anion is common to all salts, the observed trends 
of these electrolytes are indicative of the behaviour of the 
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X and Rw CuN03 values in AN/H20, HAN/H20 and Py/H20 mixtures
(Figures F.3.1 to F.3.3) indicate that the solvated radii of Ag+ 
and Cu+ in these solvent mixtures are larger than their values in 
X X water. From the smaller drops in Rw AgN03 versus Rx CuN03
40 




HAN/H20, AN/H20 and Py/H20. The decrease of Rw
x ½Cu(N03)2 in Py/H20
2+ mixtures suggests that the solvated Cu ion gets bigger also, as
it is transferred from water to Py/H20.
A change in the solvated radius of an ion on transfer 
from water to an organic/H20 mixture is of course an indication of a
change in the salvation shell of the ion.26 The increase in the





mixtures is related to the preferential salvation of these ions by 
the organic component in such solvent mixtures. The molar volumes 
3 -1 27of Ai�, HAN and Py are 52.1, 68.2 and 80.8 cm mol respectively. 
3 -1 27They are bigger than water of molar volume (18.0 cm mol ).
Therefore, if any of these organic components replace a comparable
number of water molecules in the salvation shell of these ions, the
solvated radius increases. Preferential salvation of Ag+ and Cu+ 
by the nitriles and Py molecules in competition with water occurs
because these cations have dlO configurations and therefore have
strong specific back bonding interactions through pn-dn bonding with
1: :1 
the nitriles through -C=N and with Py through C�N�C. The infrared
and the nuclear magnetic resonance (NMR) data on solutions of Ag+ 
ion in nitrile/H
2
0 support the preferential salvation of this ion by 
h . · 1 1 1 i ' . h 
28 ' 29 Th C + · t e nitri e mo ecu es n mixtures wit water. e u ion can 
4 1 h d PYJO, )l d A + hi h fonn 1: comp exes wit HAN, AN an compare to g w c 
30 32 usually forms a 1:2 complex ' with these ligands. Thus the radius
of the solvated Cu+ ion (r
8 
Cu+L4) is larger than the corresponding
----------� ------ - - - ----,-------------=---� 
41 


















when a ligand 
is added to the salts in water. The sodium ion has a closed shell 
electron configuration and has little coordination interaction with 
the nitriles and Py at low organic mole percent. It remains 
preferentially solvated by water in dilute nitrile/H20 or Py/H20




ions, no significant 
change occurs in the salvation shell of 
+ 
Na when AN, HAN or Py is 
added to The observed change in the 
X




from H20 to HAN, AN or Py-water mixtures is consistent with this
model. The sepcial role of nitriles and pyridi�e versus other 
+ + organic-water mixtures in differentiating between Ag and Na salts 
X 








in oxygen donor organic ligand/H20 solvent mixtures and in
figures F.3.1 to F.3.3, where values in the special nitrogen donor-










in EtOH/H20, dioxane/H20 and ethylenglycol/water, i.e.
X 
both have an initial increase in their respective R values, as a 
w 
small amount of any of these oxygen donor ligands is added to water. 
These ligands do not back-bond to Ag
+ 





with these oxygen donor ligands is similar in nature and weaker
than with water, so water is the preferential solvator of both 
cations in such mixtures. Thus in the absence of specific coordination 
interactions, the Ag
+ 





ion does not have a d
lO 
configuration and is highly charged,so
+ 
just like Na , it cannot undergo pTT-dTT interactions with the nitriles. 
+ 
Therefore its conductance behaviour shows the same trend as Na when 
acetonitrile is added to water. However, in Py/H
20 the situation is
different. The Cu
2+


















0----0 AgN0:3 in Oioxane -water at infini t e  dilution 
b 
)( x Naf\03 in Dioxane-water at infinite dilution 
C 
� AgN0:3 in c
2
H50H -water at 0-0005 M AgN03 cone
+ d 
EJ---EJ Na in c
2
H50H-water
Figure F.3.4: Plot of R� MN03
(M = Ag+, Na+) vs mole% organic 
solvent in oxygen donor organic/ 
H20 mixtures. (Organic = Dioxane, 
EtOH) 
Data taken from: 
(a) McKenzie, I.D. and Fuoss, R.M.,
J. Phys. Chem., 11_, 1501 (1969).
(b) Reference 38.
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Figure F.3.5:
�mole¼ organic component in Org/Hi mixture 
Plot of R� MN03 (M = Ag
+, Na+) vs mole% organic component in organic/ 
H20 mixture. (Organic component
= HAN, ethyleneglycol)
(a) Data taken from "Nonaqueous Electrolytes Handbook, Vol. I", Eds. Janz, G.J. and




have a back-bonding interaction but does form strong donor-acceptor 
complexes with electron pair nitrogen donor pyridine. Sodium 
cations do not form strong complexes with such nitrogen donors in 
competition with H20. Since the molar volume of Py is greater than
that of water, the Py-solvated radius of cu2+ in Py/H
2
0 mixture is 
2+ greater than that of water solvated Cu in aqueous solution and is 
responsible for the drop in the Rw ½Cu(N03)2 when transferred from
H20 to Py/H20. In this respect the behaviour of Cu
2+ in Py/H20 is
+ + 2+ similar to that of Cu in the same solvent. The Cu and Cu both 
can form 1:4 complexes with Py, although the type of donor-acceptor 
interactions are different. + The stability constants for the Cu and 
cu
2
+ complexes with Py,30 indicate that at 0.01 M concentration of
the copper ions in a 2.5 M Py/H20 (� 5 mole% Py/H20), 0.94 fraction
of the cu2+ ions should exist as Cu2+Py4 species and 0.83 fraction
of the Cu+ should exist as Cu+Py4 species. This would suggest that
addition of five mole% Py to H20 sho
uld lower the conductivity of cu2
+
+ more than Cu . It is interesting to note from Figure F.3.3 that 
actually Cu2+ ion is slowed less than Cu+ throughout the Py/H
2
0
compositions shown in Figure F.3.3. The table T.3.3 shows that in 
five mole% Py/H20 mixture, the drop in Rw
x CuN03 on transfer from
water is 0.30, compared to the corresponding value of 0.19 for 
can be partly explained in terms of the dipositive charge on the 
Cu2+ which means more water molecules in its salvation shell than
is the case for Cu+ in pure water. Since both cations have four 
pyridines in their salvation shell in Py-H20 mixtures, the increase
2+ in size of heavily hydrated Cu is less than that of less
+ hydrated Cu on transfer to pyridine-water, when four pyridines 
replace the water in the hydration shells. 2+ The Cu may have some
Table T.3.3: • X a X X + + + 2+ . Comparison of the llR MN03 and [R Na
N03 - R MN03] (
M =Na , Ag , Cu and Cu ) functionsw w w 
in various organic/water mixtures containing 5.0 mole% of the organic component at 25 ± 0.01° C
(x = the solvent mixture , w = water). 
Solvent mixture �R






























x MN03 = R 
w MN03 - R
x MN03w w w 
= 1 - Rw MN03.
Values estimated from figure F.3.1. 
Values estimated from figure F.3.2. 
Values estimated from figure F.3.3. 
Values estimated from figure F.3.4. 


































water in addition to the 4 Py in its salvation shell. It is thus a 
+ more hydrophilic solvated ion than is Cu which has only Py in its 
shell. Evans !=.!_ al7 have shown that bulky hydrophobic ions, which 
reinforce the structure of water through the salvation of the 
'second kind 133 are less mobile in aqueous medium compared to the 
hydrophilic ions of the same size. For example, the hydrophilic 
(HO•CH2 ·cH2) 4N
+ is �20% more mobile than its hydrophobic alkyl analog
+ 7 Pr4N of much the same size in aqueous solution. 
The conductance behaviour of different ions in any solvent 
can be compared better if the individual ion conductancesare known. 
For example, the difference in the conductance behaviour of Na+, Ag+, 
Cu+ and cu2+ ions can be visualized better from Figure F.3.6 where 
the Rw
x(ion) values are plotted against the AN/H20 mixture
composition than from figure F.3.1 where the Rw
x MN03 values are
plotted. The R x(ion) values shown in figure F. 3.6 are calculated
w 
by using the A 0N0-3 
values from reference 11 and of A 0 valuesMN03 
+ 
+ + 2+ from table T.3.1 (M =Na , Ag , Cu and Cu ). This figure clearly 
differentiates the conductance behaviour of various ions in AN/H20
X + 2+ -mixtures. For example, the Rw Na , Cu and N03 go through a
maximum whereas Ag+ and Cu+ go through a minimum as the concentration 
of AN in the AN/H20 solvent mixture is increased.
X + X The observation that R Na and R NaN0
3 
goes through a 
w w 
maximum when the concentration of the organic component is increased 
in an organic-water mixture (Figure F.3.1 to F.3.7 ) is interesting. 
It has been shown earlier that the AgN03 and ½Cu(N03)2 also show
. · 1 . . /H O i i h. h h A + d C z+ · SJ.mi ar maxima in org 2 m xtures n w 1c t e g an u ions are
f . 11 1 d b  K t 1
5, 34, 35 F 36, 37 pre erentia y so vate y water. ay !:__� , uoss ,
38 12 39 40 Ramana and many other research workers ' ' have made similar
1-3r &---e N03 
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�mole¼ AN in AN/H2o mixture
Plot of R: (ion) vs mole% AN in AN/H20 mixture for Na







































o 5 10 15 20 25 30 35 40 45 50 55 60 
Figure F.3.7: Plot of Rx Na+ vs mole% organic component in organic/H20 mixture.
(Organic �omponent = t-BuOH, EtOH, AN, Dioxane, Sulpholane) 
(a) Reference 35. (b) Reference 34. (c) Petrella, G., Sacco, A. Castagnola, M.,
Monica, M.D. and Giglio, A.D., J. Solution Chem., &_, 13 (1977). (d) Values




observations in a number of solvent mixtures and it has been shown 




Broadwater and Kay have shown that there is some relationship between 
the maximum shown by an ion and the structure of the solvent. 
A number of explanations have been put forward by various 
l f h R
x 
· i 1 
· 
wor(ers to account or t e maxima n so vent mixtures. For 
1 A · 
13 
h i 1 i b . ff examp e ccasc1na argues t at s nee u trason c a sorption e ects, 
heats of mixing and partial molar volumes of most of the org/H
2
0 
mixtures go through a maximum or minimum at the same composition at 
which the R
x 






correlated in some way to the structure of the w�ter in the mixture. 
5 34 
Kay and Broadwater ' assign this maximum to the solvent 'sorting 
effect' in the salvation shell of Na
+ 
or to the partial dehydration
41 
of the ion on addition of the organic co-solvent. Hemes suggests 
that the major deviation in the Walden product is due to the 
variation of the chemical equilibrium between ions and solvent 
molecules, with the composition of the mixed solvent. D'Aprano and 
42 
Fuoss base their arguments in terms of the relative size of the 
ion and the solvent molecules, together with the structure of the 
solvent which result in the possibilities of the transport of ions 
from one equilibrium state to another by jumps through the space 
made available by the free volume of the solvent. 














0 are plotted against the solvent composition. If 




h h h . h f R 
x 
. d. h ff fay s re at1ons 1p t at t e eig t o in icates t e e  ect o 
w 
the organic on the solvent structure is accepted, the position of 
AN/H
2
0 on Figure F.3.7 indicates that the effect of AN on the 
structure of water compared to other solvents is in the order t-BuOH >
50 
EtOH >AN > dioxane. The discussion in Chapter 2 is in accord with 
this conclusion. Further discussion of the "usual" maxima observed 
.J,_ 2 + for Na' and Cu will not be attempted. This work is more 
+ 2 + concerned with the comparison of the behaviour of Na/ and Cu , and
with Ag+ and Cu+ . The maxima in Rw
x Na+ in AN/H20, HAN/H20 and
X + Py/H20 are not unusual. The absence of any increase in Rw Ag and
R x Cu+ in the same mixtures when compared to R x Na+ is of most w w 
relevance to the various sections of this thesis. It supports the 
+ + concept of preferential solvation of Cu and Ag by AN, HAN and Py 
2+ in the presence of water and of Cu by Py in the presence of water.
3.3.2 EFFECT OF SOLVENT TRANSFER (WATER TO ORGANIC/H20) ON THE
CONDUCTANCE BEHAVIOUR OF CATIONS 
d 1 f ( + A+ + ic 
2+)Molar con uctance va ues o MN03 M =Na , g , Cu , � u 
have been used above to compare the behaviour of cations with each 
other withi.n one particular solvent mixture because the nitrate ion 
is common, but the change in the behaviour of a single ion from 
one solvent to another cannot be compared di�ectly,unless individual 
ionic values are known,because the conductance of the anion may vary 
on solvent transfer. + The relative mobilities of Na in t-BuOH/H20,
EtOH/H20, AN/H20, sulfolane/H20 and dioxane/H20 can be easily compared
from the results shown in Figure F.3.7. + The A 0 Na value in HAN/H20
mixture is not known and so it is difficult to assess the position 
of HAN/H20 in relation to other solvent mixtures for
Na+ the 
X values X ion. However, liR NaN03 (where liR w w
X = thj: solvent mixture, w = water) from table T.3.3 
the mobility 
= R w_R xw w ' 
show that the
of 
mobili y of NaN03 in HAN/H20 is unusally higher than in any other
solvent mixture listed in the table. The HAN/H20 mixture, unlike other
51 
solvent mixtures, does not go through a viscosity maximum when the 
concentration of the organic co-solvent is increased in the mixture, 
e.g. see figures F.3.8 and F.3�9. Thus the solvent structural
changes in the vicinity of Na+ and No; ions in HAN/H20 may be very
different from those in other solvents. However, ethylene glycol/H20
and sulfolane/H20 also do not go through a viscosity maximum, but the
conductance of NaN03 does not show any resemblance to that in HAN/H20.
The effect of HAN/H20 on the conductance of NaN03 is unusual and
certainly cannot be explained in the absence of single ion values. 
+ + The change in the conductance behaviour of Ag and of Cu 
on transfer from H20 to AN/H20, Py/H20, dioxane/H20, ethylene glycol/
X XH20 and HAN/H20 could be estimated by comparing (Rw NaN03 - Rw
X X AgN03) and (Rw NaN03 - Rw CuN03) values in different solvent
mixtures, e.g. values from table T.3.3 show that in five mole % 
Py/H20 the mobility of the Ag
+ ion and the Cu+ ion is about 50%
lower than in AN/H20 mixture containing the same concentration of
the organic component. In other words Ag+ and Cu+ move much slower 
in Py/H20 than in AN/H20. This is because the molar volume of Py
is higher than AN and the Py solvated Ag+ or Cu+ ion is much bigger 
than the corresponding AN solvated ion. According to the results of 
table t.3.3 the mobility of Ag+ in solvent mixtures is in the order 
+ AN/H20 > HAN/H20 > Py/H20 whereas for Cu , the order is AN/H20 > 
Py/H20 > HAN/H20. The observed order for Ag
+ is understandable in
terms of the relative sizes of the AN, HAN and Py molecules whereas 
h d f C + . b' t e or er or u is am 1guous. It appears that some factors other 
than the size of the organic molecule are also responsible for the 
lower mobility of Cu+ in HAN/H20 mixtures than in Py/H20. Probably






























---:),mote¾Org. component in Org/H
2
0 mixture 
15 2 0 25 30 35 L+(,, 45 
Figure F.3.8: Viscosities (n) of HAN/H20, ethyleneglycol/H20 and
sulfolane/H20 mixtures at 25
° C.
(a) Reference 21. (b) Reference 17. (c) Petrella, G.,
Sacco, A., Castagnola, M., Monica, M.D., Giglio, A.D., J. Solution Chem.,










>E � Dioxane-water 
l I 
b 
-·- -·- EtOH-H 0








0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 
----,.. mole 0/o Org component in Org IH20 mixture
Figure 3.9: Viscosities (n) of t-BuOH/HzO, EtOH/HzO, AN/HzO, Py/HzO 
and dioxane/H
2
0 mixtures at 25 ° C.
(a) Lind, Jr., J.E. and Fuoss, R.M., J. Phys. Chem., 65_, 999 (1961).
(b) Reference 34. (c) Reference 35. (d) Reference 11.
(e) Dunstan, A.E., Thole, F.B.T., Hunt, J.S., J. Chem. Soc., 21:_,
1728 (1907).
the -OH group of the HAN through the co-ordination of the nitrogen 
lone pair with the d
lO 
metal. This would make the -OH group a
better H-bond donor, leading to a greater interaction with bulk 
water as shown below 
54 
This would result in an increase in the effective size of the solvated 
ion. In addition, the ion will face a higher drag force from the 





is lowered to a value below that in Py/H20.







IONS IN AN/H20 MIXTURES
If the solvated radius r of an ion is known it is possible 
s 
to calculate its salvation number. Unfortunately it is well known 
that the conductance equation E.3.3 which relates A 0 with r does 
s 




so utions. Small cations and anions show both positive and 





approach the Stokes' law values (equation E.3.3) only as they become 
large.
16 
Based on the measurements of the conductances of tetra­
alkyl annnonium ions, various calibration curves are known in the 
literature to estimate the correct solvated radii of ions in pure 
1 43 
solvents ' but no information is available for solvent mixtures.
Therefore, a method similar to that used by Kortum
14 
for estimating
the solvated radii of ions in ethanol-water mixtures could be used 
for this purpose. 
By substituting values for the various constants, 





Kortum14 introduced a correction factor 'f' to equation E.3.4 to 
account for the deviations observed for small ions, i.e. 
= o. 815
n f r s
••. E.3.5 
55 
f is related to the molar volume Vm of the solvent and the solvated
radius, r
8
, of the ion through equation E.3.6. 
-2L� 
f = 1 _ 
0.21 x 10 Vm ••• E.3.6 
r3
s 




0.21 x 10-24 vm 




Picrate ion (Pie-) is a large spherical ion and is expected to carry
no solvent in a salvation shell. In table T.3.4 Ap
0
• _x n and the 
1C 
calculated rp. _ (using equation' E.3.7) values for a number of 
lC 
non-aqueous solvents are shown. Values of Ap
0
• _ x n are constant in 
, 1.C 
a wide range of solvents such as MeOH, AN, EtOH, DMF, Py, etc. 
Therefore it may be concluded that the rPic- ion is very nearly
constant in all these solvents and an average value of 380 pm could 
be taken the value for rp. _ 




• _ n) from table T.3.5 indicate that the Walden product for the 
1C 
picrate ion is fairly constant in AN/H20 and EtOH/H20 mixtures at all
compositions. This shows that the radius of the picrate ion remains 
nearly constant in these solvent mixtures also. Thus if the rPic-
is taken as the reference (having a value of 380 pm), the solvated 
radius of any other ion (r.) can be calculated by using equation E.3.8. 
]. 
56 
Table T.3.4: The Walden and the solvated radius of the 
Pier ate ion in various solvents at 25 ° C. 
Walden product Molar volume Solvated radj_us 
Solvent 10 2 X A;. -n of the solvent 
1C VM (mS kg




MeOHa 0.261 40.4 
ANb 0.268 52.1 
EtOHa 0.279 58.6 
DMFb 0.298 77 .5 
Pya 0.297 81.0 
a . Values from reference Ill. 









The values of VM calculated 'from the molar mass and the density
of the solvent at 25° C (see reference 27). 
The rPic- value calculated by using equation E.3.7 (see text).
! I 
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Table T.3.5: The A;. _x n values for Picrate ion · 
lC 





























at 25 ± 0.01° c 
10 x APic-
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0.21 x 10-24 V
(1 - --3 ___ m) x rp . _ x Apo . _lC lC rp. -lC 
0.21 X 10-24 V







• -, A� and V for any solvent are known r. can be 
lC · 1 m 1 
calculated. The r. value can be further used to calculate the 
1 
solvated volume, V, of the ion by using equation E.3.9.s 
= 
3 
) x Nrcryst ••• E.3.9 
58 
where r is the crystallographic radius of the ion and N is thecryst 
Avogadros number. + Using r t Na = 95 pm, crys Cu
+ = 96 pm and
Ag+ = 126 pm,20 and the values for A;ic- in various AN/H20 mixtures
from table T.3.5, the Vs values for Na
+, Ag+ and Cu+ ions in various
AN/H20 mixtures have been calculated. The A
0 Na+, Ag+ and Cu+ used
in these calculations are taken from table T.3.1. The solvated 
+ + + volumes of Na , Ag and Cu so obtained are shown in table T.3.6 and
are plotted as a function of the AN/H20 composition in figure F.3.10.
+ + The results of figure F.3.10 show that Ag and Cu cations sharply 
+ +increase in volume when AN is added to water in the order Cu > Ag 
+ The Na catio� on the other hand,in water decreases the volume of
its solvation shell during addition of up to 10 mole percent of AN. 
+Beyond this composition of AN in AN/H20 the solvation shell of Na 
expands monotonically with the increase of AN in the solvent mixture. 
The salvation volume, V, can be used to estimate the 
s 
composition of the solvation shell, provided the solvation numbers 
and the molar volumes of the solvent components are known. Owing to 
the electrostriction effect, the solvent molecules in the 
solvation shell are strongly compressed and their rotational and 
vibrational degrees of freedom are limited (see Chapter S). 
59 
14 
Therefore, they occupy a smaller volume than in the pure solvent. 
The extent of contraction in volume depends on the inherent 
structure of the solvent and the size and charge of the ion. Water 
is a highly structured, hydrogen-bonded solvent compared to most of 
the nonaqueous solvents, thus the volume decrease due to the compact 
packing of water molecules will be higher than for the organic 
14 
molecules. However, it must be noted that from conductance point 
of view the volu�e of the solvent molecules actually moving with the 
ion is important. The exact magnitude of the volume of the ion­
associated solvent cannot be correctly estimated, even from the 
partial molar volumes of ions, because the partial molar volumes 
include contributions from long range effect of the ion on the bulk 
solvent. These depend on many complex factors (Chapter 5). However, 
the contraction in volume resulting from the collapse of the water 
structure around small ions like Li
+ 
has been estimated by Kortum
14 
to be about 25%, i.e. instead of the normal 18.0 cm3 mol-
1
, the
effective volume of water in the salvation shell is about 13.5 cm3 
-1
mol • The relative decrease for a poorly structured organic
molecule is estimated to be about 5%. 3 -
1
Thus using 13.5 cm mol as 
the molar volume for water in the salvation shell and 50 cm
3 
as
the corresponding value for AN, the salvation numbers of the ions
can be calculated from the V values estimated earlier (table T. 3 .6) 
s 
by using the relationship (E.3.10). 
n = 
the effective volume of the 
solvent in the salvation 
shell of the ion. 
The values of the salvation 
..• E.3.10 









The conductance of Cu 
in water cannot be measured directly, so values are less certain, 
Table T.3.6: Ionic solvated radius r
8
(ion), a solvated volume V
8
(ion) a and the ionic salvation shell 
composition (n ANm Total) a in AN/H20 mixtures at 25 ± 0.01 °C.








0 270 240 240 
3.6 270 290 310 
7.7 260 300 330 
12.4 270 320 340 
24.7 290 330 350 
42.9 310 340 360 
56.1 340 350 370 
75.5 370 360 400 
100.0 390 370 430 

























b. �v represents the ionic salvation number in water.
c. Value uncertain (see text).


















b b b,c (n =3.5) (n =2.2) (¾=2.5)w w 
0.00 0.00 0.00 
0.00 0.33 0.42 
0.00 0.41 0.60 
0.00 0.59 0.69 
0.09 0.69 0.79 
0.20 o. 80 0.89 
0.38 0.91 LOO 
0.61 1.02 1.36
d 
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but on extrapolation of the conductivity of Cu
+ 




0 mixtures, a value very close to 6. 2 m:S m mol is 
obtained. On the basis of this extrapolated value, n 
w 
+ 
for Cu is 
2.5. However, since the charge density of Cu
+ 





, this value would seem to be minimal.
The salvation numbers obtained by the conductance method 
are the limiting values, since limiting values of the equivalent 
conductance of the ions are used in their calculation. Thus these 
numbers reflect the number of the solvent molecules which actually 
move with the ion and hence are usually different from the ones 
obtained from other methods such as the thermodynamic parameters. 





obtained by different methods are shown in table T.3.7. However, if 
the same method is used for different ions, the comparisons of ions 
are more valid. 
+ 





remain constant, irrespective of whether H
2
0 or AN is 
in the salvation shell, in.all the AN/H2
0 compositions the mole
fraction of AN in the salvation shell of each of these ions can be 





















the solvated volume of the ion 
the solvation number in water 
the molar volume 
3 -1
13 .5 cm mol ) 




the mole fraction 
of the water in the salvation shell 
of AN in the salvation shell 
of AN in the salvation shell. 
--- - - · · · ·  - _ ,__ _ _ _  -_ -- - -� 
Table T.3.7: Salvation numbers of Na
+ and Ag+ ions in water 
determined by different methods.a
Ion Method Reference Assumed Salvation Temp. 
(M+) ion salvation number oc 
number of the 









Cl 4 8-9 25 
-
Cl 5 13 
Condu,1:tance 2-l• 25 
10 
5 25 
Activity Cl 3.5 25 
coefficient -
4.2 25 Br 
-
I 5.5 25 
Cl04 0 2.1 25 
-
Colligative Br 3.5 9.4 
properties - 3.5 11.8 Br 
Entropy 4 
Thermochemical 3.7 25 
6 25 
Diffusion 3 25 
-
Sound velocity- Cl 3.2 3.9 25 
compressibility 
3 25 
N.M.R. 3.1 25 
Ag+ Diffusion 2 25 
Isotopic equil- Cl04 0 0.7 25 ibrium·method 
Sound velocity- Cl 
-
3.2 3.1 25 compressibility 
N.M.R. 2 25 
a. As quoted in refernce 46.
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are shown in 
table T.3.6 and these values are plotted in figure F.3.11 against 
the mole percent of AN in the solvent mixture. Despite the 












mixtures. Although the salvation number of Cu
+ 
is uncertain the




is clearly evident, no matter 
what value of n 
w 
+ 
is used for Cu . 
44 29 
Waghorne and Strehlow have separately estimated the 
+ 
salvation shell compositions of Ag ion in AN/H
2
0 mixtures using 
N.M.R. spectroscopy. The values for Na
+ 
ion have also been measured 
1+4 
using the same technique. In figure F.3.12 the results from the 
N. M.R. studies are compared with those obtained here by conductance. 
Keeping in view the uncertainties in the conductance method, arising 
from the only rough assumption that the salvation numbers remain 
constant throughout the solvent mixture compositions and the 
uncertainty in the calculation of V ,  the comparison with the 
s 
preferable N.M.R. technique is reasonable, especially at the lower 
concentrations of AN in the AN/H20 mixture.
3.3.4 SOME IMPLICATIONS OF THE CONDUCTANCE RESULTS 
It has been shown in the previous section that due to the 









0 mixtures, the solvated radii of these ions are greater in 









0 than in water. The high 




0, further decreases their 
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Figure F.3.12: Comparison of the ionic fractional solvation 
66 
100 
numbers, estimated from the ionic conductivities with 










The NMR results taken from refer�nce 44. 
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Cu+ ions in the nitrile/H
2
0 mixtures have implications for any
leaching reaction, battery performance or electrolysis processes 
which involve Cu+/nitrile or Ag+/nitrile species. Since the 
diffusion of these ions are slower, the rates of leaching reactions 
may be lower if they are controlled by product diffusion, the 
batteries will have increased internal resistance and any 
electrolysis process will have to overcome larger diffusion 
overpotentials than in water. 45For example, the Parker processes 
for the electrowinning and electrorefining of cu0 from Cu+-AN/H20
solution have the energy advantage that they are one electron 
processes.' In this respect they have an advantage over the 
traditional electrowinning and electrorefining of cu0 from the 
aqueous cu2+ solution which involves two electrons. This i.s because 
a one electron process requires half as much energy as the two­
electron process. However, since the mobility of Cu
+ in AN/H20
(say 12 .4 mole%) is about 66% of that of cu2+ in water (from 
table T.3.1) some of the one electron process advantage may be lost 
because of a larger diffusion overpotential in dilute solutions. In 
practice such a process will involve stirred concentrated solutions 
and is normally carried out in the presence ,of an acid. The actual 
mobilities of Cu+ and Gu2+ may be quite different due to the ion 
pairing effects than those determined conductometrically at infinite 
dilution. For a valid assessment of the effect of ionic diffusion on 
the process, the mobilities of ions have to be measured in 
concentrated solutions and in the presence of sulfuric acid. 
Measurements under these conditions cannot be made conductometrically 
and comparisons have to be made with values obtained from other 
techniques (Chapter 7). 
- - - - - - _ _  -:_;:.__ -
- - - -----------�-�� 
+ 2+ The A 0 values of Cu and Cu from table T.3.1 have been 
68 
converted to the diffusion coefficients (D 0 ) using the relationship 
A 0RT D0 = --
2
- and are compared with the diffusion coefficients obtained
zF 
k -3 from the polarographic (it 2) measurements on 10 M solutions of 
Cu+ and Cu2+ sulfates containing 0.1 M H2so4 
17 (Chapter 7). The
results are shown in table T.3.8. It is interesting to note that 
in solutions of practical concentrations of copper ions the diffusion 
k
coefficients from it 2 are quite different from those calculated 
from the A 0 values. The data from table T.3.8 indicate that Cu+ 
actually becomes more mobile at higher sulfate concentrations and 
acid whereas'Cu2+ actually becomes slower. At higher concentrations 
of the salt and acid, the mobility of cu2+ decreases due to the
greater ion pairing effects. 
3.4 CONCLUSIONS 
h d b h i f + A
+ C 
+ d C z+ . T e  con uctance e av our o Na , g ,  u an u in 
various aqueous solvent mixtures, indicates that the ability of an 
ion to specifically interact with one component of the solvent 
mixture plays an important role in determining its mobility. The 
extent of the change of mobility depends on factors such as the 
solvent structure, the proportions and the size;of the components in 
the salvation shell and the hydrophobic/hydrophilic characteristics 
of the salvation shell in relation to the bulk solvent. 










Comparison of the diffusion coefficient (D) of ions 
in infinitely dilute neutral solutions obtained 
!-:::: 
conductometrically with those obtained by the it 2 
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b. Reference 17 and Chapter 7.
- - -- - - - - _ - -- - -----------=----� 
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IONS IN MIXED SOLVENTS 
4.1 INTRODUCTION 
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Thermodynamic properties of solutions are not only useful 
for estimating the feasibility of reactions in solutions, but they 
also offer one of the best methods of investigating the 
theoretical aspects of solution structure. This is particularly 
true for the'standard partial molal entropy, heat capacity and 
volume of the solutes, values of which are sensitive to the 
arrangement of the solvent molecules around the solute molecule. 
They have been examined extensively in aqueous solution for the 
1 2 
purpose of structure interpretation. ' More recently these studies 
have been extended to non-aqueous solutions as well, e.g. the 
enthalpies, entropies and free energies of salvation and transfer 
3-9
between solvents have been studied extensively by various workers 
and have been shown to be valuable in testing of theoretical 
relationships such as the Born equation
10 
(E.4.1) and its modifications 
as well as predicting salvation effects in reaction kinetics. 
2 N(ze) [l - ±.]- ti.G
2r E 
... E. 4.1 
(N = the Arogadro's number, z and r are the ionic charge and radius 
respectively, e the charge of an electron ands the dielectric 
constant of the medium surrounding the ion.) 
It is not possible to measure single ion thermodynamic 
properties, but this has not prevented chemists from applying extra 
3 
thermodynamic assumptions to the problem. Among the most 
I I 
successful of these are the 'Tetraphenyl Arsonium Tetraphenyl 
6 11 12 Boride" (TATB) assumptions ' ' , i.e.
+ llGt(BPh4)llGt(Ph4As) = 
+ 6Ht(BPh4)llHt(Ph4As) = 
and + 6St(BPh4)6St(Ph4As) = 
75 
6Gt, 6Ht and 6St represent the free energy, enthalpy and the entropy
of transfer respectively. These assumptions have been popularised 
by the work of Parker and his co-workers�-
6, 9, ll, lZ For full
discussion of the implications of various assumptions one could 
3 4 7 13 refer to a number of reviews ' ' , on this topic in the
+ + Cu+ literature. In this chapter, the 6Gt, 6Ht and 6St of Na , Ag ,
2+ and Cu ions from water to various pure organic and organic/water
mixtures are considered. Wherever possible the TATB assumptions 
have been used to estimate single ion thermodynamic properties of 
transfer, but in some cases the equivalent assumption that there is 
negligible liquid junction potential in certain electrochemical cells 
involving dissimilar solvents 14 ,(NLJP assumption) is also used. 
4.2 EXPERIMENTAL 
4.2.1 FREE ENERGY OF TRANSFER MEASUREMENTS (6GtM+ ) 
+ The 6GtNa values from water to various AN/H20 mixtures
were obtained from the polarographic E 1 values for the reduction of� 
Na on a dropping mercury electrode (DME). The polarograms were run 
-3 on 1 x 10 M NaC104 solution containing 0.1 M tetraethylannnonium
perchlorate as the supporting electrolyte. The potentials were 
measured against a Metrohm calomel reference electrode. In order to 
- ---�- ------ - -= --------------------� 
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minimise the liquid junction potential the reference electrode was 
connected to the cell through a salt bridge consisting of a 0.1 M 
TEAPic (TEAPic = tetraethylammonium picrate) in the solvent mixture 
14 (S) in which the E� was to be measured. The polarograms were
2 
recorded by using a PAR 170 electrochemistry system using de sampled 
and de differential modes. 
The standard electrode potential values of the sodium 
0 + amalgam electrode (E Na /Na(Hg)) in HAN/H20, Py/H20, DMF/H20,
DMSO/H20, Diox/H20, Urea/H20 and S-Urea/H20 (solvent mixture S), were
measured by d�termining the potential of the half cell C.4.1 against 
the reference cell C.4.2. 
Na(Hg) 0.01 M NaC104
2 x 10-3 M Solvent S ... C.4.1 
Saturated 
I
0 .1 M TEAPic 
Icalomel Solvent S (SCE) .•. C.4.2 
The half cell C.4.1 contained a Metrohm hanging mercury drop 
\ -3 electrode (HDME) filled with 2 x 10 M sodium amalgam. The amalgam 
of the required concentration was prepared electrochemically using 
the PAR 170. A weighed quantity of pure mercury was placed in the 
electrolysis cell along with an aqueous solution of sodium hydroxide 
(with concentration 5-10 times in excess of that needed for the 
desired amalgam concentration). With the mercury pool as cathode and 
a platinum gauze as the anode, a constant current, 100 mA, was passed 
and the number of coulombs was monitored. The current was stopped 
when the amalgam was of the required concentration. Nitrogen was 
bubbled upwards through the mercury pool during the amalgam generation 
and its filling into the HDME. 
77 
E0 Ag+/Ag and E°Cu+/cu0 (M+/M) were determined by measuring
the potentials of cell C.4.3 and for E0cu2+/Cu+ of cell C.4.4
against the reference half cell C.4.2. 
M 
Pt 
M+ 0.01 + molar M 
as so
2-4 
+ 0for Cu /Cu 
as N03 for Ag
+/AgO 
in solvent S 
cu2+ 0.01 molar
Cu 0.01 molar 
pH 1 





The potentials were_measured at 25 ± O.l ° C, using a high impedance 
radiometer pH meter. 
4.2.2 ENTHALPY MEASUREMENTS 
The heats of solution of soluble electrolytes, e.g. NaCl, 
Nac104, NaBPh4 in water and in 5.7 mole% AN/H20 at 25
° C were
measured using an LKB 8700-1 precision calorimeter system. The 
15 16results were analysed by using the Regnault-Pfaundler method. ' 
The measurements were made in the salt concentration range 
(1-5) x 10-3 M. The concentration dependence was small compared with
the experimental scatter of about 0.1 - 0.5 kJ mol-1• A number of
measurements (usually four or five) were made for each electrolyte in 
the concentration range mentioned above and the average obtained. 
Some difficulty was observed in obtaining a pure sample of sodium 
tetraphenylborate. The heats of solution of this salt varied 
considerably with impure samples. The following technique gave pure 
crystals of NaBPh4• The salt was dissolved in a minimum amount of
dry acetone and toluene added to it dropwise till the solution became 
78 
slightly opalescent. The solution was warmed on a steam bath, then 
another 5 ml of toluene was added with constant shaking. White 
needle-like crystals appeared. The suspension was filtered while hot 
and dried under vacuum (1 mm Hg) at 78 °C. The crystals so formed 
were odourless and nonhydroscopic. A small amount of the sample left 
on a balance pan did not change weight over several hours. 
In spite of the repeated crystallization from anhydrous 
acetone and vacuum drying (1 mm Hg at 78 °C), it was not possible to 
obtain an anhydrous sample of Ph4AsCl. In this case and in the case
of highly hydr�scopic copper(II) perchlorate,the enthalpies of
transfer from water to 5.7 mole% AN/H20 were determined by measuring
the heats of dilution of a 1 ml concentrated solution (1 M) in water 
of the substance, firstly with 100 ml of water and then with 100 ml 
of 5.7 mole% AN/H20. The difference between the two heats of
dilution, less the heat of transfer of the water contained in the 
concentrated solution gives the heat of transfer. The heat of 
transfer of 1 ml of water to 5.7 mole percent AN/H20 was measured
independently and used in the calculation of the �Ht of the
electrolyte. 
The heats of solution of very slightly soluble salts, 
AgCl, AgBPhl
+
' CuBPh4 and PhL•
AsBPh4 (MX), were estimated from the
heats of precipitation on adding a small volume of 0.5 M NaX in the 
-2 solvent to 10 M MN03 in that particular solvent using a Guild-400
solution calorimeter. Usually consistent values not differing by 
-1 more than ± 0.5 kJ mol were obtained except in the case of
-1 Ph4AsBPh4, where the uncertainty limit was ± 3.5 kJ mol . The
Ph4AsBPh4 formed was of almost colloidal nature and this was thought
to interfere with the result. 
I ! 
- - - - - - - - - -- -�-- ---
4.2.2.1 Measurement of the heat of reaction cu2
+ 
+ cu0 t 2Cu
+
(reaction E.1.1) in 5.7 mole% AN/H2.Q.
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The heat of rea·ction E. 1. 1 in 5. 7 mole percent AN/H20 was
measured by reacting very fine copper powder with excess of Cu(II) 
SO 4 solution in the solvent mixture containing O. 01 M H2so 4 us·ing a
Guild solution calorimeter ·400 and an LKB-8700-1 calorimeter 
separately. The copper powder for the experiments was prepared by. 
disproportionating a nearly saturated solution of Cu(I)so4 in 80%
(v/v) AN/H20 (pH= 1) by distilling off AN. The precipitated copper
was filtered, �ashed first with water and then with acetone, and 
dried under high purity nitrogen. The metal was filled into 
reaction ampules under argon and an atmosphere of argon.was 
maintained over the reaction cell throughout the experiment. All the 
solutions were prepared in deoxygenated samples of the solvent 
mixture. 
4.3 RESULTS 
The polarographic E1 of a reducible metal ion M
+ on a
� 
dropping mercury electrode (DME) is related to the standard electrode 
0 17 potential of the metal M, E ,  through equation E.4.2 where 
= 
0 
E M/M+/M(Hg) is the standard electrode potential of the cell
M/M+ /M(Hg). ya and y 8 are the activity coefficients· of the amalgam
and the reducible species M+, respectively, at the surface of the 
mercury electrode. Ds and Da are the diffusion coefficients for M
+ 
in solution and the metal atom M in the amalgam. R, T and F are the 
gas constant, temperature (K) and the Faraday's constant respectively. 
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The 6GtM
+ between two solvents s1 and s 2 is related to the standard
electrode potentials E0s1 
and E082 of the couple M
+/M in the two
solvents, s1 and s2 respectively through equation E. L1:. 3 .
... E.4.3 
where z is the charge of the ion. 
From equation E.4.2 
= o o RT Y
S1 RT k 
[E S2 - E s1] + - ln - - - ln (Ds2/Ds1)
2 
zF y82 zF 
.. E.4.L: 
Since dilute solutions of M+ and equal concentrations of 
the supporting electrolyte are used in both the solvents, Ys/YSz and 
Ds2/Ds1 are essentially equal to 1 and therefore both the logarithm
17 terms in equation E.4.4 are nearly zero and it can be written as E.4.5.
0 0 
= E Sz - E S1 .•• E.4.5
By substituting the value of (E0s2 - E
0
s1) from equation E.4.5 in
equation E.4.3 
= •.• E.4.6 
Thus the e.xperimental (E½) Sz and (E½) s1 can be used to calculate
6GtM
+ for transfer from solvent s1 to s2•
The E1,Na
+ values in various
72 
be independent of the concentration 
Plots of ilog id-i vs E gave a slope 
of 
of 
AN/H20 mixtures were found
NaC104 in the range 1-5 X 





current at any potential on the rising portion of the wave and id is 
the limiting current, e.g,, Figures F.4.1 and F. l+.2 represent typical 
-3 polarograms obtained in a 2 x 10 M NaC104, 0.1 M Et4Nc104, pH 3.2
in 5. 7 mole ;; AN /H20 and figure F. L• � 3 shows the plot of log id
i
-i vs E
for the polarogram (Figure F�4.1). All these characteristics indicate 













--.mV vs. SCE 
-�� __ _._ __ _,_ __ _,_ __ _.�-----------------_._-_ ___.__ 
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Figure F.4.1: A typical de sampled polarogram on a dropping mercury 






, pH= 3.2, 30 v/v % AN/H20 solution.
Auxilary electrode: platinum, Reference electrode: 













�mv Vs. SCE 
-2000 -2050 - 2100 -2150 -2200 - 2250 - 2300
A typical de differential pulse polarogram on a 
-3dropping mercury electrode (DME) in a 2 x 10 M NaC104,
0.1 M Et4NC104, pH 3.2, 30 v/v % AN/H20 solution.
Auxilary electrode: platinum, Reference electrode: 
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Plot of E vs. log-. _i __ for the de sampled polarogram shown in fig. F 4·1' Id-I 
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18process. +The E1 Na values, together with the calculated 
+ �GtNa HzO ➔ AN/HzO values are shown in table T.4. 1. In the same
19 0 + 0 table the literature values for �E tNa /Na H20 ➔ AN/HzO 
are also
84 
shown for comparison. The literature values are based upon the 
measurements against a 0.01 M (AN) AgC104/Ag reference electrode. It
could be seen from the values in table T.4.1 that the comparison is 
reasonably good especially at lower concentrations of AN in AN/H20 _
mixtures, whereas at higher concentrations of AN, the values tend to 
differ considerably. This is probably due to the higher liquid 








variety of organic/H20 solvent mixtures obtained in this work are
shown in table T.4.2. These E0 values are used to calculate 
+ + + 2+ �GtNa , �GtAg , 6GtCu and 6GtCu from water to various org/H20
mixtures via equation E.4.3 and these values are shown in table T.4.3 
along with similar data from the literature6, 19-27 for comparison.
The heats of solution of various electrolytes in water and 
in 5.7 mole percent AN/H20, obtained in this work are shown in
table T.4.4. These values are used to calculate the single ion 
�HtHzO � 5_7 via the 'Tetraphenyl Arsonium Tetraphenyl-, mole% AN/HzO 
+ -Boride' (TATB) assumption, i.e. (6HtPh4As = 6HtBPh4). The value of
+ 
bHtPh4As as calculated from the heat of precipitation of Ph4AsBPh4
-1is 14.0 ± 3.5 kJ mol . However, due to a large experimental
uncertainty in the determination of the heat of precipitation of 
Ph4AsBPh4, a value of 15.3 ± 0.1 kJ mol-
l as calculated from the
indirect relationship E.4.7 is preferred. 
+




Polarographic Ek for the reduction of Na at a
2 
dropping mercury electrode vs standard hydrogen 
85 
b
electrode (SHE) in various AN/H20 mixtures containing




























-3 a. Used as 2 x 10 M NaC104 solution.
b. The potentials measured against the reference half cell
Hg/Hg2Clz.satd KCl // 0.1 M 1EAPic // 











and the values converted to SHE by assuming the emf of the half
cell to be +244 mV against the SHE. That is, using the negligible 
liquid junction potential assumption"l4 Experimental uncertainty
± 0.005 v.
c. Reference 19.
d. Calculated from �Ek.
2 
e. Value from Kolthoff, I.M. and Coetzee, J.F., J. Am. Chem. Soc.,
J_J_, 870 (1957) and may have a significant liquid junction 
potential. 
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various organic/H20 mixtures vs standard hydrogen
electrode (SHE)a at 25° C. 
Solvent mixture b(S) 0 Eo Eo Eo 
composition 
�a+/Na/Hg Ag+/AgO cu+/cu0 cu2+Jcu+ 
mole % AN/H20
0 -1.854 +0.800 +0.524c +0.158c 




25.4 -1. 825f +0.656 +0.118 +o. 672 
65.9 -1. 770£ +0.615 +0.025 +0.800









AN -1. 8li3 +0.724 +0.236
HAN -1. 844 +0.705 +0.183
Py -1. 825 +0.502 -0.048
DMF -1. 878 +0.764
DMSO -1. 869 +0.763
Urea -1. 852 +0.790
s-urea e -1. 851 ·-0.014
MeOH -1. 850 +0.795
Values measured against the reference half cell 
Hg/HgzClz sat. KCl // 0.1 M TEAPic // 




and expressed as vs SHE by assuming the emf of the reference half 
cell to be +244 mV vs SHE, i.e. using the negligible liquid 
junction potential (NLJP) assumption.14 Experimental u�certainty
± 0.005 V. Na+ and Ag+ used as N03, Cu
+ and cu2+ as so4
-. 
10-2 molar concentration. _3 Na(Hg) (amalgam) concentration 2 x 10 M. 
Value from Pourbaix, M., "Atlas of Electrochemical Equilibrium in 
Aqueous Solutions", Pergamon Press Ltd: Oxford (1966). 
Value from reference 26. 
2 Molar solution in water. 
Values calculated by using values of (�E½)t
H20-t-AN/H20 
from table
T.4.1 and E0Na+/Na/Hg value in water from this table.








ions for transfer from water to various non-aqueous solvents and 
solvent mixtures (25°C, molar scale).
-1

























a b b -28 -6 (-7.9) -15(-15.5) -
DI1F
a b b -25-9(-10.5) -17(-17.1) -
DMSO




a 23 -17 - -
AN








41 -104 -109 -
TFE
a 
so 49 - -
HMPT
a 
-39 -43 - -
a 
-11 -24 -38NMePy -
Solvent mixtures 
5.7 mole% Org/H20 
AN
C 
+1.1 -7.3 -27.8 7.4 
HAN
C 
+LO -9.2 -32.9 0.8 
Py
e 





















+ +e + z+e
b.G
t 














Table T.4.3 continued 







Urea C 0.2 -LO





5.7 1.1 (0.5) f -7.3 (-8.4) f
12.7 1.4 (1.4) f -8.7(-12.5) f
25.4 2.8 (3.3) f -13.9(-15.5)
£ 
65.9 8.1 (9.4) f -17.8(-17.2)
£ 
















-48.2(-47. 7) f 14.1 (12 ;5/






















+ +.e + z+e !:::.G
t 






- - 0::, 
Table T.4.3 continued
+ b.G A + + b.Gt Cu2+ + +





h 2.5 -0.6j - - 0.2 
5.4 -1.lj -2.9
i 
- -2.30i 1.8h - 1.2 
13.8 -2.2j -6.9
i 
- -6.7i 4.7h - 4.5 




0.18k - - -32.4 -10.0
0.36k - - -41.4 -23.0
5. 7
c 
+2. 8 -28.8 -55.2 -37.2 31. 6 58.0 40.0 
5.7 mole% DMSO/PC 1
9.5 -6.5 - - 16.0 
Mole% PC/H20 
m
0.025 -0.9 -0.6 - - -0.3 
0.05 -0.7 -0.3 - - -0.4 
1.00 -0.9 -0.3 - - -0.6 
2.00 -2 .1 -1.5 - - -0.6 
3.00 -2.0 -1.6 - - -0.4 
70.00 -3.0
80.00 +0.6 -1.1 1. 7 - -




Na D.G A + 
t g 
+ /1Gt Cu DGt Cu












PC➔ 5.7 mole% 
DMSO/Pcn -5.6 -22.4 16.8 
PC ➔ 10 mole% 
H20/PC0 -14.2 -13 .6 -0.6
a. Values from reference 20.
b. Values in parentheses from reference 6.













2.0 mole% S-urea in the solvent mixture. 
6Gt(Na
+-0) where }{1° = Ag+ , cu+ or cu2+ represents (tGt Na
+-DGtM
+). 
0 Extrapolated !ram reference 26. The anion used in this work Cl04 and the values measured against an Ag /Ag+ (AN) 
0.01 Mas c104 reference electrode.
Calculated by using the values of 6Gt NaCl from reference 21 and the 6Gt AgCl values from reference 22 ,
via the relationship 6Gt(Na
+-Ag� = 6Gt NaCl-6Gt AgCl. 
Calculated from the LGt AgCl values from reference 23 and the 6Gt NaCl values from reference 24 using the
same relationship as in 'g'. 
Values extrapolated from reference 19. 
Calculated from the 6Gt(Na
+-Ag+ )and the 6Gt Ag
+ values of this table.
Values from reference 25. 
Calculated from the 6Gt Na
+ and 6Gt Ag
+ values for transfer from n�o to PC from reference 20 and the
6Gt Na
+ and 6Gt Ag
+ values for transfer from PC to 5.7 mole% DMSO/PC values from reference 26.
Values from reference 27. 
Values extrapolated from reference 26. 
Calculated by combining the 6Gt Na
+ and 6Gt Ag
+ values for transfer from HzO to PC from reference 20 and the
6Gt Na+ and 6Gt Ag
+ values for transfer from HzO to 90 mole % PC/H20 values from reference 27. 
'-0 
0 




Table T.4.4: Heats of solution (bH8) of various electrolytes in
-1 water and 5.7 mole % AN/H20 mixture at 25
















































c , d , f 
+64.3
c , e +28.1
b. Wu. Y.C. and Friedman, H.L., J. Phys. Chem., 70, 501 (1966).
c. This work.
d. Obtained by using an LKB-8700-1 calorimeter. Experimental
uncertainty± 0.1 kJ mo1-l.
e. Obtained by the heat of precipitation method. Experimental
uncertainty± 3.5 kJ mo1-l.
f. 
g. 
Obtained by the heat of dilution method (see text).
Obtained by the heat of precipitation method using a Guild 




+, 6HtAg + and .�Htcu
2+ (Hi + 5. 7 mole % AN/H20) as
calculated from the results of table T.4.4 along with similar data 
from the literature6 ' 22 ' 28-31 for transfer to a variety of other
non-aqueous solvents and solvent mixtures are shown in table T.4.5 
for comparison. 





H20 + 5_7 mole% AN/H20 
directly. However, the
enthalpy change for the reaction E.1.1 in aqueous solution is known 
-1 32 + (= +78.7 kJ mol ), therefore, the 6HtCu HzO + 5.7 mole% AN/H
2
0
can be calculated through the relationship E.4.8, 
••• E.4.8 
provided the heat change for the reaction E.1.1 in the solvent 
mixture is known. Thus the enthalpy change for the reaction E.1.1 in 
the AN/H20 mixture was determined using a Guild solution calorimeter
400. A few results were re-checked using the more tedious but more
precise LKB·-8700-1 precision calorimeter. The results obtained
using the Guild solution calorimeter are shown in table T.4.6. The
reaction was slow and took usually 30 to 40 minutes for completion
during the heat of reaction determination by using the Guild
calorimeter. The design of the reaction vessel of the LKB-8700 is
such that it could not stir the copper powder efficiently, therefore,
the reaction took longer periods to complete (usually> 1 hour)
compared to the Guild calorimeter. Initial runs using the LKB-8700
gave a very wide scatter of results with values usu.ally more negative than
those obtained by using the Guild calorimeter. Irreproducible
values of the heat leakage constant were obtained. Further
investigation revealed that, due to the design of the 1KB reaction
calorimeter, air was diffusing into the reaction cell and causing a






from water to various non-aqueous
solvents and solvent mixtures (25 ° C, molar scale). 
. + -i.e. 6Ht Ph4As = ti.Ht BPh4
. -1Values in kJ mol 
+ 
bHt Na flHt Ag 
+ + 
bHt Cu flHt Cu
2+
Pure solvents 
H20 + H20 0 0 0 0 
MeOHa -20.5 -20.9 - -
Fa -16.3 -22.6 - -
DMFa -33.0 -38.5 - -
DMSO
a 
-27.6 -54.8 - -
AN
a -13 .0 -52.7 - -
PC















Values based on the TATB assumption,
































0 ➔ 6 mole% MeOH/H
2











- - - - l.lf 
36 mole% MeOH/H
2
0 - - - - 2.2f 
C -15.5 -22.4 6.9 -+ 5. 7 mole % DMSO/PC - -
Values from reference 6. 
This work. Values calculated from the results shown in table T.4.4, using the TATB assumption (see text). 
Calculated by combining the bHt Na
+ and bHt Ag
+ values for transfer from HzO to PC from reference 6 and 
the 6Ht Na
+ and 6Ht Ag+ values for transfer from PC to 5.7 mole% DMSO/PC calculated from reference 31. 
Value from reference 30 by assuming that the bHt c1-H O-+S.7 mole% DMSO/H O is negligible. Value extrapolated from reference 28. 2 2 
Calculated from the llHt NaClHzO-+i�eOH/HzO values from reference 29 qnd the corresponding llHt AgCl values
from reference 22. 
+ + llHt(Na













6H for the reaction Cu2+ + cu
0 
t 2Cu+ in 5.7 mole%
AN/H20 containing 0.01 M H2so4 at 25
° C.
Concentration of Cu(I) 
solution formed in the 











































Av. = -62.9 ± 3.5 kJ mol 
96 
concurrent oxidation of the Cu4 formed in the reaction. The 
problem was overcome by maintaining an atmosphere of argon over the 
reaction vessel . This improved the results significantly and an 
average value of -62. 9 ± 3. 5 kJ mol-l was obtained which is within
-] the experimental uncertainty range of the Guild result (-59. 0 ± 2. 9 kJ mol ·).
These values are shown in table T.4.6. The ionic �Gt and �Ht values
are combined through equation E.4.9 to calculate -T�St and these
values for various solvent systems are compared in table T.4.7 . 
4.4 DISCUSSION 
. • • E. 4. 9 







IONS FROM HATER TO SOLVENT MIXTURES
+ 
The Na ion is an alkali metal ion and has a closed valence
shell configuration. Copper and silver are transition elements and 
are capable of exhibiting a number of oxidation states. +The Ag and 
Cu+ ions have resemblance to the alkali metal ions in the way that 
they are all monovalent ions and their energy levels are completely 
filled, but unlike the alkali metal ions, the Ag+ and Cu+ have a dlO
configuration. The screening of the nuclear field by the dlO
2 2 6 electrons is much poorer than by the s or s p electrons. This can 
be seen from the relative magnitudes of the first ionization 
potential values of Ag, Cu and Na which are 737, 752 and 502 kJ mol-l 
. 
l 
33 respective y. Therefore, for a given internuclear distance, a 
pair of e lectrons from a ligand is under a far stronger electrostatic 
f. ld f h A + . h f l N + 1e rom t e g ion t an rom t-ie a ion .. + The Cu ion has an
+ electronic configuration similar to the Ag , but has a higher charge 
97 
Table T.4.7: -T�St
a Na+ , Ag+ , Cu+ and cu2+ ions for transfer from
water to various non-aqueous solvents and solvent 
mixtures (25° C molar scale). 
-Tl'iSt




0 0 0 0 0 
MeOH 28.5 27.9 
F 10.3 7.6 
DMF 24.0 21.5 
DMSO 14.6 20.8 
AN 31.0 30.7 
PC 23.7 28.6 
Solvent mixtures 
6 mole % MeOH/HzO 
12 mole % MeOH/H20
36 mole % MeOH/H
2
0 
5.7 mole % AN/H
2
0 3.9 17.6 43.8 12.9 





















N + C + N + C 
2
+a - u a - u 
0 0 
-39.9 -9
Values calculated from the l'iGJa. and cu2+ from tables T.4.3 an 





density because of its smaller crystallographic size compared to Ag
+ 
+ + 
Thus Cu can exert even stronger electrostatic field compared to Ag . 
+ + + 
Moreover, unlike Na , the Ag and Cu cations are capable of 
experiencing a variety of covalent interactions including the pn-dn 
b k b d. 
. . 




ac - on ing type interactions to su ta e igan s sue as nitri es. 




cations are clearly distinguishable
from those of the Na
+ 
ion as shown by the classification of Ahrland,
35 36 37 2+ 
Chatt and Davies , Schwarzenbach and Pearson . The Cu ion 
being a doubly charged ion has a high charge density and therefore 
can have strong electrostatic interactions with ligands. It can 
also accept lone pairs of electrons from suitable donor molecules 
such as NH
3 
and its derivatives and can form strong complexes with 
34 
these ligands. 
+ + + 2+ 
The tG
t 
values of Na , Ag , Cu and Cu ions for transfer 
from water to various non-aqueous solvents from table T.4.3 indicate 
that the salvation of these ions differssignificantly in different 
solvents, e.g. based on the magnitude of the �G
t 
values the general 
solvation of Na
+ 
is in the order'
DMSO > DMF > F > HzO > MeOH >AN > SDMF
+ 
whereas the corresponding order for Ag ion is 
SDMF > DMSO >AN > DMF > F > H
2
0 > MeOH. 
4,6 
Parker et al have explained these orders in terms of the localisation 
of negative charge on the donor site of the organic molecules, the 
'hard-soft' acid base concept
37 
and the ability of Ag
+ 
ion to take 
part in specific ion solvent (e.g. pn-dTI) interaction. Due to 
the closed shell electronic configuration, the Na
+ 
ion is expected to
respond predominantly to electrostatic interactions and, therefore, 
it could be used as a reference point to get information on other 
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values from water to various non-aqueous solvents are plotted




values. It can be seen that all
those solvents which interact through the oxygen donor site with Na
+ 
lie on a straight line whereas the solvents like AN, PhCN, SDMF 
deviate considerably from this line. This suggests that the Ag
+ 
ion
interacts with the oxygen donor ligands shown in figure F.4.4 in a 
way similar to 
+ 
Na , i.e. through electrostatic interactions and the 






1.1) indicates that the electrostatic field of Ag
+ 
on these ligands
is greater than Na
+
. The position of AN and SDMF on figure F.4.4
indicates that these ligands solvate Ag
+ 
more strongly than would be






graph for "normal" donor solvents. 
This could be explained in terms of the pn-d, back-bonding 
+ 
interaction of Ag with the nitrile and the 'soft-·soft' interaction 
of Ag
+ 
with the SDMF molecule.
9 + 
In figure F.4.5 the b.G
t
Na values 
for transfer from water to a number of 5.7 mole% org/water solvent 
+ 
mixtures are plotted against the corresponding values of b.G
t
Ag . 
A picture similar to that observed for the pure solvents emerges, 








0 lie on an almost straight line with the slope
tiGtAg+ 
= 1.1 indicating that in these solvent mixtures, like in pure 
b.GtNa
+ 




show similar interactions. As
expected from the screening effect of the d
lO 
electrons discussed
earlier, the strength of interaction of Ag
+ 
with these solvents is
higher than that of Na
+
. The organic/water solvent mixtures such as
AN/H
2
0, HAN/H20, Py/H20 and S-urea/H2
0, each containing 5.7 mole%
of the organic components, deviate from the straight line graph and 
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Figure F.4.5: 6Gt Ag
+ vs llGt Na
+ for transfers from water to
various organic/HzO mixtures (containing 5. 7 mole %
of the organic component except S-urea which is 
2. 0 mole %) at 25 °C molar scale.
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strongly than expected from the straight line graph for oxygen 
donor solvents. This could be explained in a way similar to that 
+ used earlier for the transfer of Ag from water to AN and SDMF. 
Thus even in the presence of much water, the pn-dn interaction of Ag+ 
with the nitrile in nitrile/H20 mixture is responsible for the
large negative �GtAg
+
HzO ➔ nitrile/HzO value. The pyridine molecule
can also have back-bonding interaction with the Ag+ ion through 
C\ JC d h" i i h Ag+ h h' f f ' "d b 'N'l an t iourea nteracts w t t roug so t-so t aci ase
interaction like SDMF� therefore, the transfer of Ag+ from water to 
Py/H20 and S-urea/H20 is more exoenergetic than expected from the
�GtNa
+ vs �GtAg
+ graph of oxygen donor mixtures. The order of
+ solvation of Ag by these ligands in the solvent mixtures as judged 
from the relative �Gt values is S-urea >Py> An� HAN. Figure F.4.6
+ + shows that the �GtCu has a linear relationship to �GtAg in AN/H20,
HAN/H20 and Py/H20 solvent mixtures as well as in the pure solvents
for which data is shown in table T.4.3. 
from graph F.4.6 is 1.9, indicating that Cu+ is much more sensitive 
to solvent transfer than is the Ag+ ion. This is because Cu+ is a 
+ smaller ion than Ag and thus has a larger surface charge density and 
because Cu+ can sometimes form 1:4 complexes, whereas Ag+ usually 
38 39 forms 1:2 complexes with these organic components. ' A similar
effect is also shown in figure F.4.7, where the free energies of 
complex formation of a number of nitrogen donors in dilute aqueous 
solution with Ag+ and Cu+ are compared. This figure shows that in 
general Cu+ forms a stronger complex than does Ag+ with nitrogen 
donor ligands. 
2+ + 
The Cu ion parallels Na in its �GtHzO 1 t 
behaviour
➔ so ven 
in organic solvents like AN, DMF, F, DMSO and in solvent mixtures like 
HAN/H20, AN/H20 and DMSO/H20, but deviates from Na
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Figure F.4.6: 
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Figure F.4.7: 6G0/6.G0 diagram for corresponding Ag• and cu• complex formation 



















for transfer from water to 
various non-aqueous solvents and solvent mixtures. The position of 
2+ 
5.7 mole% Py/H20 on graph F.4.8 shows that the �Gt
Cu is more
-1
negative by about 70 kJ mol than would be expected from the
+ 2+ 2+ 
�GtNa vs �Gt
Cu graph of other mixtures. This is because the Cu
ion, being a transition metal ion, can accept lone pairs of electrons 
2+ 
from donor Py to form Cu Py
4 
complex species in solution. The Cu
2+ 
generally forms strong don9r-acceptor complexes with pyridine 
34 40 2+ 
and substituted pyridines. ' The interaction of Cu with the
oxygen-donor ligands of figure F.4.8 is expected to be electrostatic 
+ 10 
in nature, i.e. similar to Na , and according to the Born equation 
this interaction of Cu
2+ 
should be four times that of Na
+ 
because of 
its 2 positive charge. The slope of the graph F.4.8, i.e. 
�GtCu2+
+
= 3.8 certainly shows that large negative values of
�GtNa 
+ 2+ . + 2+
�G (Na -Cu ) (i.e. llG
t
Na -llGrCu ) are explainable in terms of the 
t . I.. 
B . i 
10 
orn type interact ons. 
+ + + 2+ Figure F. L�. 9, where the llG
t
Na , Ag , Cu and Cu from 
water to AN/H
2
0 values are plotted against the concentration of AN
in.AN/H
2





















Cu is due to the preferential salvation of 
these ions by AN in AN/H20 mixtures (Chapter 3). As small amounts of
the preferred solvent (AN) are added to water, large changes in the 
salvation shells of these ions occur and then change only slightly 
over the whole range of the solvent composition and these changes in 




are responsible for the observed 
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Figure F.4.8: 
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6Gt Cu vs. 6Gt Na for transfers from water to various solvents and
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versus mole% AN in AN/H
2




The N.M.R. 19,41 and the conductance
studies (Chapter 3) on Ag+ and Cu+ in AN/H20 mixtures confirm that in
dilute solutions of AN/H20, the salvation shells of Ag
+ and Cu+ are
1 h h f + d C z+ . h . ric  in AN w ereas t ose o Na an u are ric in water. 
+ 2+ transfer of Na and Cu ions from n
2
o to AN/H20 is slightly
The
endoenergetic at low concentrations of AN, but is very endoenergetic 
at higher concentrations of AN(> 70 mole% AN). From another point 
+ 2+ of view, the transfer of Na and Cu from AN to AN/H20 is
significantly exoenergetic for addition of small amounts of water. 
For example, the /J.G Na +AN .... 3, 1 1 % is -10 kJ moi'-l and the t . Lf. mo e o HzO / AN 
corresponding value for cu2+ is ·-SL+ kJ moi-1. This sharp decrease in 
the 6Gt values of Na
+ and cu2+ is because in AN/H20 mixtures, both of
these ions are preferentially solvated by water. In solvent mixtures 
such as PC/H
2
0 where, unlike AN/H
2
0 ,  the Ag+·-specific ion solvent 
interaction is absent, Na+ and Ag+ ions both show similar behaviour, e.g. 
liGtNa
+ a:1d 6GtAg
+ from PC to PC/H20, both decrease sharply as a small amount
of H20 is added to Pc.
27 The �GtNa
+
PC is ➔ 10 mole% HzO/PC
-1 +-14.2 kJ mol compared to the corresponding value of -13.6 for Ag 
(table T.4.3). The exoenergetic transfer from PC to PC/H20 shows that
both of these ions are preferentially solvated by H20 in the PC/H20
mixture and therefore liGt(!-Ja
+
-Ag
+i unlike the nitri.le mixtures, whether
considered from PC to PC/H20 or from H20 to PC/H20,is very small.
















In the previous sectio� the salvation behaviour of Na' +Ag 
+ 2+ Cu and Cu ions in various pure solvents and solvent mixtures has
been discussed in terms of the free energy considerations. 
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Parker et al4 ' 6 ' 9 have shown that in the case of pure solvents such 
considerations alone are generally inadequate for discussing 
transfers between solvents in which one or both solvents have 
significant solvent-solvent interactions. In such cases, the 
salvation mechanism can be better understood if the individual 
factors, the enthalpy of transfer (bHt) and the entropy of transfer
(bSt) which make up the free energy of transfer (bGt) are considered
separately. In the case of a solvent mixture the presence of one 
solvent component can greatly modify the structure of the 
other, e.g. presence of AN in AN/H20 breaks down the three
dimensional structure of water (Chapter 2) whereas DMSO reinforces 
the structure of water through the formation of strong intercomponent 
. 42-44 hydrogen bonding. Since bHt and bSt functions are very sensitive
4 6 9 to the solvent structure, ' ' for a meaningful comparison of the
+ + + 2+ salvation of Na , Ag , Cu and Cu in different solvent mixtures,
it is all the more important to compare the bHt and bSt separately
in solvent mixtures. 
4.4.2.1 Enthalpy Considerations 
Tables T.4.5 and T. 4.7 compare the �Ht and T�St,
. 1 f N + A + C + d C z+ ' f f f respective y, o a ,  g ,  u an u ions or trans er rom water 
to various pure non-aqueous and organic/water solvent mixtures. The 
enthalpies of transfer of metal cations to pure non-aqueous solvents 
are negative irrespective of the chemical nature of the non-aqueous 
solvent. Parker et al4 ' 6 have related this phenomenon to the unique 
structure of water compared to the pure non-aqueous solvents. Because 
of the intensive three dimensional polymeric hydrogen bonded structure 
of water and the less developed structures of non-aqueous solvents, the 
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transfer of metal cations from water to these solvents is 
6 accompanied by an exothermic enthalpy change. Part of this change 
is associated with incorporating into the hydrogen bonded bulk water 
structure, the water molecules which had previously been in the 
cation salvation shells. This is a favourable process enthalpy wise 
since strong H-bonds form. The remainder of the exothermic change 
arises from the favourable interactions between the cation and the 
new solvent molecules. Counteracting these exothermic changes are 
the endothermic processes of disrupting the water cation interaction 
when the ion is dehydrated (conceptually) prior to transfer. 
Disruption of any structure in the non-aqueous solvent on 
introduction of the ion is also an endothermic process. These 
opposing enthalpic changes are not altogether compensatory primarily 
because the endothermicity of disrupting the non-aqueous solvent 
structure is usually small. Hence the overall enthalpy of transfer 
of cations from water to other less structured solvents is usually 
h . 6 exot ermic. Data from table T.4.5 shows that for solvent mixtures 
also, similar considerations are needed to account for the exothermic 
transfer of cations from water to solvent mixtures, e.g. the transfer 
of the Na+ cation from water to AN/H20 is exothermic, whereas the
corresponding transfer to DMSO/H20 is endothermic. This is because
AN/H20 is less structured than water, therefore, the Na
+ cation has
to break lesser numbers of hydrogen bonds of the solvent mixture than 
it does in pure water to form a similar solvation shell in water and 
AN/H20. In the case of DMSO/H20, the DMSO-H20 hydrogen bonds are
42-44stronger than H20-H20 bonds in pure water, therefore, more energy 
.is required to break the DMSO-H20 bonds than the H20-H20 bonds when
the cation is introduced. Thus even though DMSO is a stronger donor 




than is H20 or DMSO in an enthalpic sense. More
-1 + 
"normal" behaviour is seen in the -22 kJ mol fiH
t
Na value 
(table T.4.5) for the transfer of Na
+ 
from water to 5.7 mole% DMSO/ 
PC. 5.7 mole% DMSO/PC, unlike 5.7 mole% DMSO/H
2
0, has no strong 
solvent-solvent hydrogen bonding, therefore, the DMSO is immediately 
available for interacting with Na
+ 
with no strongly endothermic 
breaking of DMSO-PC interactions. 
at different compositions is a small positive number (table T.4.5) 





in this mixture of oxygen donors. The same is true 





are expected to interact with MeOH/H
2
0 and other 
0-donor solvents via electrostatic interactions, however, Ag
+ 
is
slightly more polarisable than Na
+
, due to the screening effect of
10 
the d electrons, as discussed earlier, and this results in a small 
+ + 
positive value for the �H
t







) is very positive in solvent mixtures such as AN/H
2
0 and 
in pure AN and DMSO. This large difference in the case of AN/H
2
0 
arises from the already mentioned (Chapter 3) heteroselective 
+ + 
salvation of the two ions, i.e. of Na by H
2
0 and of Ag by AN in the 
AN/H
2
0 mixture. In the case of DMSO some stronger co-ordination 
interactions of Ag
+ 
with DMSO (possibly back-bonding) and not Na
+ 
is 












(Na -Ag) in 
AN/H
2
0 and AN. This is because 
+ 





is a stronger pTT-dn bond former than Ag . Also Cu forms 1:4 
+ 38 39 
complexes with AN compared to Ag , which usually forms a 1:2 complex. ' 
112 
4.4.2.2 Entropy Considerations 
It is well known that the transfer of a small metal cation 
from water to a non-aqueous solvent is always accompanied by a loss 
4 6 9 6 
of entropy. ' ' This has been explained by Parker et al in terms 
of the changes in the 'ordering' of solvent molecules upon 
introduction of the ion into the solvent, i.e. in terms of changes 
in various regions of the solvent molecules around the ion based on 
the Frank and Evans mode1
45 
of ionic salvation. The removal of a 
cation from water is accompanied by a significant gain in entropy, 
resulting from the disruption of the interactions between the ion and 
the water molecules from its salvation shell. However, accommodating 
these released molecules from the salvation shells into the bulk 
water structure results in a substantial loss of entropy. The nett 
result is that the removal of a cation from water is accompanied by 
a smaller positive entropy change than would be expected if liquid 
water were completely unstructured. When the dehydrated ion is 
transferred into a relatively unstructured non-aqueous solvent, the 
large entropy loss associated with formation of one or more 
salvation shells predominates over the insignificant entropy gain 
associated with the disruption of the inherent solvent structure 
associated with removing solvent from the bulk to the salvation shell. 
The transfer of cations from water to AN/H20 mixture is
also accompanied by a loss of entropy (table T.4.7). Since this 
solvent mixture is less structured than pure water (Chapter 2) a loss 
of entropy is to be expected for the same reasons as discussed for 
the transfer of cations from water to less structured pure non-aqueous 





is -3.6 kJ mol , i.e.
➔ 5 .7 mole% DMSO HzO
entropy is actually gained. The difference in the signs of the 
entropies of transfer of Na
+ 
from water to 5.7% DMSO/H20 and
113 
H20 ➔ 5.7% AN/H20 strikingly shows the influence of the structure of
solvent on the thermodynamic behaviour of an ion in solution. 





loss of entropy on transfer of an ion from one pure solvent to 
another does not depend on the relative strengths of interaction 
between the ion and the two solvents, but is associated with the 
number and nature of the solvent molecules which lose their 
translational movement when tied up into the salvation shell of the 
ion. 
+ + 
Thus values for the transfer of Na and Ag from water to AN 
show that even though the two ions interact very differently with AN 
in the enthalpic sense (table T.4.5) the entropy losses on transfer 
from H20 to AN are similar (table T.4.7). However, the entropies of
table T.4.7 for the transfer of Na
+ and Ag
+ 
from water to solvent
mixtures indicate that the situation is different from that for 
transfer from water to the pure solvents. The extent of the entropy 
loss on transfer of an ion from �ater to a solvent mixture does seem 
to be related to the relative strength of interaction between the 
ion and each component of the solvent. For example, for the transfer 
+ + + 
of Na , Ag and Cu ions from water to 5.7 mole% AN/H20, the -T�St
+ + +
function decreases in the order Cu > Ag > Na ,  which is the same
order in which the �Ht becomes less negative for these ions. Of
course, each cation is ordering a different proportion of acetonitrile 
to water molecules in its salvation shell (Chapter 3). The more 
acetonitrile ordered the greater the entropy loss. Similarly 
+ + 1 
-T�St(Na -Ag 
)
HzO ➔ S.7 mole% DMSO/PC
is -20 kJ mol
-









-1 + + 
PC
(= -4.9 kJ mol , -T�St(Na -Ag) represents
In other words Ag+ causes more solvent 
differentiation because of its stronger interaction with DMSO than 
does Na+ in 5.7 mole% DMSO/PC mixture. When transferred from water 
to the pure solvents DMSO or PC, despite large differences in the 
+ + + + �HtNa and 
�HtAg values, the -T
�St(Na -Ag )HzO + PC is small and
close to that for transfer from water to DMSO. Thus both of these 
ions cause similar order in pure DMSO and in pure PC relative to 
the situation in pure water. Thus it appears that the loss of 
entropy on transfer of an ion from water to a solvent mixture depends 
on the strength of the interaction of the ion with one component, 
relative to the other. The more exothermic the enthalpy of transfer 
of an ion between a solvent and a solvent mixture, the greater the 
loss of entropy. 
Related entropy effects are shown in figure F.4.10 where 
the standard thermodynamic functions of the second complex formation, 
0 Ho d 
o 
f Ag+ b ' dil b d i.e. �G2, � 2 an -T�s2 o y various ute su stitute 
pyridines in water are plotted against the pKa of the base (i.e. �G
0
) 
at 25 °C. 
0 
This figure shows that �H2 becomes more negative as the
basicity (�G0 ) of the ligand towards H+ is increased. The downward 
trend in the �H� line with increasing H-basicity is opposed by a 
+larger loss of entropy of complex fonnation with Ag . The trend of 
0 the -T6S
2 
line shows that the loss of entropy is proportional to the
enthalpic strength of the Ag -ligand interaction. However, the data 
for the thermodynamics of protonation of various substituted 
pyridines shown in figure F.4.11, indicate that -T�S0 of protonation 
bears no such relationship to the tH0 of protonation. The �H0 
protonation becomes more negative for the more favourably substituted 
llS 
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Figure F.4.10: Plot of the thermodynamic functions (6G�, �H� and 
0 -T�S2) of the formation of complexes of silver cation
with some substituted pyridines, plotted against 
the pKa of the pyridines. 
























































) of protonation of various substituted pyridines
vs pKa of the pyridines (m = meta substituted, 
p = para substituted). 
Data from reference 46. 
1 I 
pyridines. There is a gain of entropy on protonation of all the 
bases but this gain is much the same over the entire range of 
b i d 'di i M ' 146 1 ' h su st tute pyr1 nes n water. arsicano et a exp ain t ese 
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results in terms of the replacement of more water molecules from the 
+ + salvation shells of H than from Ag ions by the ligand molecules 
during the complexation reaction. They argue that the more heavily 
hydrated proton undergoes more extensive desolvation as it bonds to 
the nitrogen lone pair. This desolvation has more favourable 
(positive) contributions to the entropy of protonation of the 
pyridine. In the case of Ag+ , they propose that deaquation of Ag
+ 
occurs during the complex formation of Ag+ (aq) �ith the weakly basic
pyridine thereby contributing favourable entropy change (positive 
entropy change) to the -T�S� of complexation, whereas they propose 
that water molcules are not lost from Ag+ on complexation with 
stronger ligands and therefore -T�S� shows an increase (lS� negative). 
This latter point needs further study, however. 
It must be realized that the thermodynamic functions of 
transfer of ions from water to organic/H20 mixtures are different from
the thermodynamic functions (�Gn°, lH
0 and �S0) of complex formationn n 
in water through equation E.4.10. 
M
+ 
+ nL aq aq
-+ 
+ 
(n is the number of ligand molecules co-ordinated to M). 
E.4.10
The �G0, �Ho and �s0 correspond to dilute solutions of M+ and ligand L n n n 
in water so that the solvent is essentially structured water. The 
thermodynamic functions of transfer to mixed "solvents" in this work 
correspond to the transfer of a dilute solution of M+ from water to a 
concentrated solution of the ligand (ca. 1-10 M) in water (mixed 
solvent). The presence of excess ligand modifies the structure of 
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water (Chapter 2) and hence the solvent is sometimes different from 
the solvent used for the reaction E.4.10. The structure of the 
solvent has a pronounced influence on the enthalpy and entropy 
considerations of the system,
6 
therefore the thermodynamics of ionic 
complex formation cannot be simply related to the AGt, AHt and Ast
functions. 
0 0 0 However, the AG , AH and AS values do providen n n 
qualitative information on the salvation effects within the 
co-ordination shell of the ion. 
A more relevant explanation to the relationship of the 
strength of ion-solvent interaction and the entropy loss in mixed 
solvents is given by Cox et al 
31 
in terms of the·ir co-ordination model 
for the salvation of ions in mixed solvents. According to this model, 
the preferential solvation of an ion by one component of a solvent 
mixture, contributes a loss of entropy resulting from the difference 
between the composition of the solvation shell around the ion and that 
of the bulk solvent. This contribution can be calculated from 
equation E.4.113
1 
where xA and xB are the mole fractions of solvent A
nA nB
- {nA R ln - + nB R ln -}nxA nxB
... E.4.11 
and solvent B in a binary mixture of A and B. nA and nB are the
molecules of A and B respectively in the salvation shell of the ion 
and n = nA + nB. Equation E.4.11 predicts that the higher the
strength of interaction between an ion and one of the components 
(say A) of a mixture of solvents A and B, the higher will be the 
nA 
value of - and hence the higher will be the loss of entropy arising 
n 
from the preferential salvation effect. This model has been shown to 
b f 1 . 1 i ' th 1 f Na
+ and Ag
+ . e very success u in exp a ning e entropy oss o ions
when transferred between PC and DMSO/PC mixtures.31 The Cox mode131 
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could also be used to explain the observed order of the loss of 
entropy associated with the transfer of Na+ , Ag+ and Cu
+ 
ions from 




+-Cu+ ) is difficult to explain, on the
nAN nH20 
basis of this model alone. The -- and -- values for Ag+ and n n 
Na+ cations at different AN/H20 compositions, based on the NMR
data, are available in the literature19, 41 and the values for Cu
+ 
were
estimated earlier (Chapter 3). Using these values from the 
literature and Chapter 3, and assuming n = 4, the entropy loss on 
transfer of Na+, Ag+ and Cu
+ ions from water to 5.7 mole% AN/H20 has
been calculated via equation E.4.11 and these values are compared 
with the experimental values in table T.4.8. The experimental and 
+ the calculated values for -T�S
t
Na H20 5 7 % / 0 
are in-+ _ • mole o AN Hz 
reasonable agreement; the small difference between the two values can 
be attributed to the contributions arising from the relative degrees 
of structuredness of H20 and AN/H20. However, the difference between





is very large and suggests that in addition to the factors
taken into account in the calculation of -TnSt, there is a large 
contribution to the entropy of transfer from some other source as 
well. The Cu+ ion in AN/H20 being solvated by nAN molecules (n = 1-4),
would behave like a bulky hydrophobic ion and hence can cause the 
reinforcement of the water structure around its shell through 
salvation of the 'second kind' .47 The reinforcement of water
structure through this type of salvation is known to cause a large 
6 entropy loss, e.g. the transfer from most non-aqueous solvents to
+ water of Ph4As (a large hydrophobic ion) is accompanied by a large
loss of entropy 
+ -1 6 (typically -T�StPh4As � 
+25 kJ mol ). This has
been attributed by Parker et a.16 to the 'solvation of second kind' 
120 
Table T.4.8: Comparison of the calculateda and experimentalb 










- a n 
TIA + -Agn 
n.A +-· Cu n 
values of -T�St Na , Ag , Cu ions, for transfer from
water to 5.7 mole% AN/H20.
Calculated Experimental 
-Tf:\St -TMt




calculated by using 
= 0.02 taken from reference 19
= 0.43 taken from reference 41
0.50 taken from chapter 3.
For the method of calculation see text. 






in aqueous solutions. Thus it may be assumed that




ions from water to a 5.7% A.i.1/H
2
0 mixture, which is still essentially
aqueous in nature, is due to the salvation of the 'second kind' of 
+ + 










is due to the lower proportion 





decreasing the hydrophobicity of the Ag
+
(AN) species. An increase 
X 
in the concentration of AN in AN/H
2
0 should progressively break down
the structure of water and hence the contribution of the hydrophobic 
effect to the -T8S
t 






Ag should go through a maximum as the 
concentration of AN in the solvent mixture is increased. After this 
48 + 
work was completed, Cox et al have reported that -T�S
t
Ag does go 
through a maximum at about 10 mole% of AN in the solvent mixture. 
The transfer of the Cu
2+ 
ions from water to 5.7 mole% 
AN/H
2
0 is accompanied by a relatively large decrease in entropy 
+ + 2+ -1compared to the monovalent Na ion, e.g. -T�St
(Na -Cu ) = -9 kJ mol . 




, the water 
molecules in the salvation layer around the divalent Cu
2+ 
ion are 
polarised and enhance the acidity of the peripheral hydrogen relative 
to that in the salvation shell of the Na
+ 
ion. Thus in the case of 
C 2
+
u a second solvation shell of the water molecules, hydrogen bonded 
to the first shell, becomes involved in the cation-solvent interaction. 
In the case of an AN/H
2
0 mixture, where the H-bonds of the bulk water
have been weakened by the presence of AN, the hydrogen bonding between 
I I 
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the successive shells may even extend beyond the second to higher 
order shells. A two dimensional representation of the behaviour is 
shown in figure F.4.12. 
FIGURE F.4.12 
2+ 
Thus the doubly charged Cu ion is capable of causing much higher 
order in the structure broken AN/H
2
0 mixture compared to Na
+ 
and
this is reflected in the relative values of the entropy loss, 





The comparison of the thermodynamics behaviour of various 















ions for transfer from water 
to AN/H
2
0 (the solvent mixture in which this work is particularly 
interested) is determined by the preferential salvation of these ions 









by AN. The cu
2+ 
ion
being a dipositive ion interacts with the solvent (H20) much more




ion is solvated by AN more strongly
+ 




ions behave as large
hydrophobic ions in AN/H20 mixture and cause a larger loss of entropy
than expected from the simple Cox model
31 
based on the preferential
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CHAPTER 5 







IONS IN ACETONITRILE-WATER MIXTURES 
5.1 INTRODUCTION 
In Chapters 3 and 4 it has been shown that in AN/H20
mixtures, the solution properties of Ag+ and Cu+ ions differ 
127 
+ significantly from those of Na due to the preferential salvation of 
+ + + the Ag and Cu by AN and of Na by water. The salvation shells of 
Ag+ and Cu+ ions undergo rapid changes as AN is added to water and, as 
shown in earlier chapters, these are reflected in the conductance, 
free energies, enthalpies and entropies of transfer of these ions 
from water to AN/H20. The partial molal volumes of ions can provide
information on the nature and strength of ion�-solvent and solvent­
solvent interactions and therefore it is useful to determine the 
partial molal volumes of Na+, Ag+ and Cu+ ions in AN/H
2
0 mixtures 
and to compare the results with the thennodynamic and conductance 
properties discussed earlier. The partial molal volumes of 
electrolytes can be measured directly, but unfortunately like other 
thermodynamic properties, it is impossible to divide the parti.a1 
molal volumes of electrolytes into individual ion values in a 
completely rigorous way. Certain assumptions must be made to estimate 
h . 1 . . 1 l t e sing e 1on1c va ues. A large number of methods for this purpose 
has been reported in the literature and reviewed by Millero.1 The
tetraphenylarsonium tetraphenyl boride (TATB) assumption2 was used in 
Chapter 4 to estimate the ionic free energies, enthalpies and entropies 
of transfer and could have been used to give virtually the same ionic 
conductances as used in Chapter 3. A similar assumption, based on 
I ! 
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the same principle, has been used in this work to calculate the ionic 
partial molal volumes of transfer and the values so obtained are 
discussed in relation to the ionic salvation models used earlier to 












, NaCl and NaBPh
4 
were 
prepared as discussed in Chapter 4. Tetraphenyl Arsonium Iodide 
(Ph
4
AsI) was precipitated by the addition of NaI solution to Ph
4
AsCl 
solution in water and then recrystallised from hot acetone. The 










water in exact stoichiometric ratio of the two salts. The 
precipitated AgCl was removed by filtration and the Ph
4
AsN03 recovered
from the filtrate by crystallisation. The product so formed was 
further recrystallised from hot acetone and dried under vacuum 
(1 mm Hg) for 24 hours. Dilute solutions of various salts in AN/H
2
0 
-3 -2 mixtures in the concentration range 1 x 10 to 1 x 10 M were
prepared by weight. As discussed in Chapter 4, Ph
4
AsCl could not be
obtained in the anhydrous state, so the AN/H
2
0 solutions of Ph4AsCl
were prepared by weight and standardised by the potentiometric 




solutions were prepared by the quantitative cementation of AgN03
solutions of known concentrations in AN/H
2
0 with copper. The solutions 
so obtained were restandardised by titration with acidified standard 
KMn04 solution. The densities of solutions were measured with an
Anton Paar digital density meter (Model DMA 02D). The temperature of 
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the instrument cell holding the solution sample was kept constant to 
better than 25 ± 0.001° C by setting up the instrument in a 
thermostatted room and circulating thermostatted water around the 
cell, from a Colora Kyro thermostat WK5 supplied by Colora 
Messtechnik GMBH Lorch/Wlirtt, West Germany. 
6 -3 
The densities are reliable to ± 10- g cm as the 
instrument was calibrated by using very pure water obtained by the 
triple distillation of deionised water and using triply distilled, 
sodium dried, benzene. The calibration was checked by the standard 
25 ml pycnometer technique. Each sample solution was allowed to 
stand for at least twenty four hours before the density measurement 
was made. For each solution the experiment was repeated at least 
five times or until the count of the instrument was reproducible to 
within ± 5 units. 
5.3 RESULTS AND DISCUSSION 
The apparent molal volume (V) of each electrolyte has been 
calculated from the measured density of its solution through 
equation E . .5.1, 
V 





where d and d are the densit:Les of the solvent and the solution 
0 
respectively, M is the molecular weight of the solute and c is its 
concentration in mol 1-1. The concentration dependence of the V
-3 -2 values in the concentration range 1 x 10 to 1 x 10 M was very
small, therefore, the measurements were repeated over a narrow range
of the concentration till a set of at least five results, not
differing from each other by± 1.0 cm3 was obtained. The average of
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these values was taken to be the partial molal volume of the 
electrolyte. The values so obtained are given in table T.5.1. The 
partial molal volumes of electrolytes have been split into the 




+)/V (BPh-4)van van 





+) = Van der Waals volume of Ph4As
+ = 193.2 cm3 mol-lvan 
V (BPh -4) van 
and Xis an anion. 
- 3Van der Waals volume of BPh
4 
= 186.9 cm 
Individual ion partial molal volumes so obtained are shown in 
table T.5.1. 
1-1 mo 
0 The V Ph4AsBPh4 method for dividing V l l valuese ectro yte 
into individual ion partial molal volumes has been preferred over the 
other available methods such as the measurement of the ionic 
4 + vibration potential, the assumption that V is the same for K andaq 
- 5 + 6 F or the (CnHZn+l)4N extrapolation procedure and other methods
known in the literature.1 It is easily measurable, less time
consuming and has been shown by Millero3 to give essentially the same 
values as obtained by other methods known to give acceptable values in 
aqueous solutions. 7 Recently Parker et al have suggested that this 
method could be used confidently to calculate the partial molal 
volumes of transfer (�Vt(ion)) between dipolar-aprotic solvents. This
is consistent with the Ph4As
+ and Ph4B- ions being reference ions in
all aspects of work in this thesis. The assumption is worth a brief 
comment. Parker et a18 have shown that the ionic free energies,
i I 
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Tab 1 e T • 5 . 1: Partial molal volumes of various electrolytes and the 
ionic partial molal volumes at 25 ° C in AN/H20




























186.9 V BPh� V BPh4van 
where V represents the Van der Waals volume andvan 
V(Ph4AsBPh4) = V(Ph4AsX) 
+ V(NaBPh4) - V(NaX)
where X is an anion. 
Partial molal volume (cm3 mol-l) at 25 °C in
X mole% AN/H20 solvent mixture. X = 
3 .6 7.7 12.4 24.7 42.9 86.7 
315 319 323 323 
276 281 294 299 
16 16 17 17 
28 30 30 30 
28 33 30 28 
25
a 
29 26 21 
292 297 305 308 
283 287 295 297 
-7 -6 -1 2 
-7 -3 -1 0 
-10 -7 -5 -7
23 22 18 15 
















































a. Calculated by assuming [V( )AgN03 - V tAgN03]
= [V( )CuN03 -V CuNO ]. a








enthalpies and entropies of transfer between solvents can be 
satisfactorily estimated by using the relation E.5.5 (TATB 
... E.5.5 
assumption). The philosophy of this assumption is that the Ph4As
+ 
and BPh� are large ions of similar charge, size and shape and have 
their charges hidden by the same phenyl groups, therefore, their 
interactions with different solvents are similar. Using the same 
argument for molal volumes, then even if the calculation of the 
absolute individual ion partial molal volume, via equation E.5.3, is 
+ - -
suspect the assumption b.Vt (Ph4As ) = b.Vt (BPh4) = ½_{:jVt (Ph4AsBPh4)
may still provide reasonable estimates for the ionic partial molal 
volmes of transfer between solvents. Values are shown in table T.5.2.
The single ion b.Vt values and the electrolyte 6Vt values are plotted
as a function of the AN/H20 composition in figures F.5.1 and F.5.2
respectively. 
The �Vt(Ph4AsBPh4) values have been calculated from the
relationship E.5.6, 
where Xis an anion. 
In chapter 4, it has been shown that the extension of the 
Frank and Evans model9 of ionic salvation to non-aqueous solvents and 
organic/H20 mixtures, can be used to explain the thermodynamic
properties of ions in solution. In order to apply this model to the 
volumetric properties of the ions in AN/H
2
0 mixtures, it is 
necessary to first rationalise this model in tern1s of the partial 
molal volumes of ions in aqueous solutions. The Frank and Evans 
Table T.5.2: /:).V tH20-+AN/H20 
values for various
ionif at 25 °C 
!:.V at 25 °C tHz�X mole % AN/HzO Electrolyte 
0 3.6 7.7 12.4 24.7 
Ph4AsCl 0 4 8 8 2 
NaBPb.4 0 5 18 23 19 
NaCl 0 0 1 1 2 
NaN0
3
0 2 2 2 -1
AgN03 0 5 2 0 -7
CuN0
3
0 4 1 -4 -13
Ph4AsN03 0 6 9 9 1
Ph4As 
+
0 5 13 15 10
BPh� 0 5 13 15 10 
Na+ 0 1 6 8 10 
Ag+ 0 4 6 6 2 
Cu+ 0 3 5 2 -4
Cl 0 -1 -5 -7 -8
N03 0 1 -4 -6 -9
a. Calculated from the data in table T.5.1.
electrolytes 
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__,.. mole °lo AN in AN/Hz° mixture
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Figure F.5.1: Ionic partial molal volumes of transfer, 6V
t
(ion), 
3 -1 + + + - - + 
(cm mol ) , of Na , Ag , Cu , N0
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ions, from water to various AN/H
2
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from water to 
various AN/H
2
0 mixtures plotted as a function of




model9 distinguishes three distinct regions in ionic aqueous 
solutions� In the neighbourhood of the ion, strong ion-dipole 
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forces result in an ion-oriented shell of water molecules; this is 
usually referred to as the electrostrictive hydration. Far away 
from the ion, the normal, hydrogen-bonded predomi.nantly tetrahedral 
order of bulk water is largely intact. There is also an intermediate 
3region, in which the mutually incompatible effects of sp tetrahedral 
hydrogen bonding and the radial coulombic field interact to produce 
a random orientation of water molecules. Hertz
10 refers to this 
model as "hydration of the first kind". The terms 'structure making' 
and 'structure breaking' based on this model have been applied by 
various workers to characterise the relative influence of the two non-bulk 
regions for ions in 
1,11,12 water. 8Cox, Hedwig, Parker and Watts 
used the classical Frank's modef for the 'hydration of the first kind' 
to rationalise entropies of hydration qualitatively. They considered 
the water around a cation to be divided into four types as shown in 
figure F.5.3(a). Region 1 is the primary salvation shell. Since 
water is a strong hydrogen bond donor and acceptor, the ordered region 
will be extended to a secondary ordered region 2, by cations of high 
ionic potential. In the case of divalent and trivalent cations this 
layer may even extend to a third hydrogen bonded shell. Region 3 is 
the disordered region which bridges the bulk water, region 4, and the 
regions of ion-centered order, 1 and 2. They pointed out that the 
life time for exchange of water molecules in these various environments 
would vary enormously, but suggested that the average population 
(N
1
, N2, N3 
and N4) would be important in determining the thermodynamic
properties of salvation. 
8 
Parker et al, have extended the Frank and Evans 
model9 to dipolar aprotic solvents and have shown that the contributions 
from region 1, are more important in explaining the thermodynamic 
molecular . dicate the . diagram to in 
a 
. 3· Schematic 
lvation of
Figure F.5. .






(b) In an(a) In water.
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properties of ions in such solvents than are the equivalent regions 
2 and 3. For strong hydrogen-bond donor-acceptor solvents such as 
formamide and methanol, a mechanism exists similar to water for 
extending the ordered region 1 about cations to a secondary region 2, 
whereas such an extension is not possible for dipolar aprotic 
solvents.8 A typical representation for such a salvation model for a
dipolar aprotic solvent is shown in figure F.5.3(b). 
9 On the basis of the Frank and Evansmodel, the partial 
molal volume of an ion in an aqueous solution may be seen as: 
(a) the ion interacting with n water molecules, breaking their
hydrogen bonds and forming a co-sphere of ti unbonded or monomeric
water molcules;
(b) out of the n monomeric water molecules so formed, the ion
interacts with¾ molecules to form ion centered regions 1 and 2;
( c) the rest, i.e. (n-nh) monomeric water molecules form the
disordered region 3 around the ion.
The partial molal volume of an ion in solution is related 
to the volume changes associated with the steps 'a' to 'c' and can 
be expressed through equation E.5.7 
Vian - Vion(cryst) 
= ... E. 5. 7 
where V. is the partial molal volume of the ion in aqueous solutionion 
and V is the crystallographic volume of the ion. V ision(cryst) e 
the electrostrictive decrease or the decrease due to the breaking of 
the n hydrogen bonds of the bulk water in step 'a'. v1 2 is the' 
volume change associated with the formation of regions 1 and 2 in 
step 'b' and v3 is the volume change associated with the formation of
region 3 through step 'c'. 
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An appreciation for the molar volume of water at 25 ° C under 
13 14 different situations can be obtained from the following values: '
Molar volume of bulk (normal) water (Vb) 18.07 cm
3 mol-l
Molar volume of ice (V )ice 19.71 cm
3 mol-l
Molar volume of monomeric water (= Van der Waals volume 
based on values from Bondi15) (V ) = 11.69 cm3 mol-1.van 
Thus, if it is assumed that the monomeric water molecules produced in 
step 'a' have Van der Waals volume (11.69 cm3 mol-1) the contribution
of step 'a' to equation E.5.7 is to decrease the partial molal volume 
3 -1 of the ion by n(lS.07 - 11.69) cm mol , i.e. V = n(ll.69 - 18.07) e 
3 -1 cm mol • Formation of regions 1 and 2 will result in an increase 
in the partial molal volume of the ion due to the spatial 
requirements of the water molecules entering these regions. In an 
extreme case it can be assumed that the water molecules in these 
regions have the same molar volume as ice at 25 ° C then v1 2 = ¾
3 -1 (19.71 - 11.69) cm mol . The contribution of v3 to equation E.5.7
will depend on the packing density (void spaces) of the (n-¾) 
monomeric water molecules in region 3. If the water molecules in 
this region are assumed to be randomly packed their packing fraction 
16 
can be taken to be � 0.63 , therefore the contribution of region 3
. 
S 7 i 11.69 ( ) 3 1-1 to equation E • • • , .e. v3 = 0_63 x n-¾ cm mo . By
substituting the contributions of Ve' v1�
and v
3 
to equation E.5.7, it
can be seen that (Ve + v1,2 + v3) is positive, that is steps 'b' and
'c', (V1 2 + v3) cause more expansion in volume than the contraction
, 
caused by step 'a' (V ). In other words the net result of steps 'a' 
e 
to 'c' is to increase the volume of the ion so that the partial molal 
volume of the ion is always greater than the crystallographic volume 
of the ion. According to these calculations negative values of 
(V. ( ) - V( t)) are not possible at all, which is contraryion aq crys 
140 
h 1. 
1to t e  rea 1ty. Obviously, the fault lies with the assumptions made 
in the calculation, especially for the calculation of v
3
. Some of 
the disordered water molecules in region 3 will be hydrogen bonded 
and therefore the value 0.63 used for the packing fraction in this 
region may be invalid. However, the contribution of regions 1 and 2 
is always expected to be equal,or to slightly increase the volume of 
the ion, relative to the bulk water molecules which enter this 
region. Therefore it is v
3 
which has a significant influence in 
deciding whether (Ve + v1,2 + v3) is positive or negative. The
contribution of v
3 
to equation E.5.7 will depend on the number of
water molecules and the degree of hydrogen bonding still present in 
this region. In other words, the higher the degree of disorder 
in region 3 , the higher the positive contribution of v
3 
to 
equation E.5.7. Thus the development of region 3 plays a significant 
role in determining the partial molal volume of an ion in an aqueous 
solution. Smaller ions with high charge densities "the structure 
12 makers" orient more water in region 1 and 2 relative to the number
of molecules in region 3. This is reflected in their strongly 
17 
negative entropies of hydration and in their negative values of 
(V V ) 
1 but as the size of the ion is increased 
ion(aq) - (cryst) ' 
(structure breaking ion)12 the number of water molecules ordered in
regions 1 and 2 becomes smaller and this results in less negative 
entropies of hydration17 and positive values for (Vion(aq) -
V(cryst)),
1
e.g. see table T.5.3.
of the ion.) 
(V represents the crystallographic volumecryst 
A very different kind of solvation has been described by 
10 Hertz for bulky ions with a low charge density and carrying alkyl or 
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a. Vcryst represents the crystallographic volume of the ion as
calculated from the Pauling crystal radii quoted in
Nightingale, E.R., J. Phys. Chem.,�' 1381 (1959).
b. lS solution represents the standard entropy of solution, i.e. the
entropy of transfer of an ion from solid to a solution of unit
molality in water at 25 ° C. Values taken from reference 27.
c. Vion values taken from reference 1.
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As ion. The hydration of such ions is through the 
formation of a highly structured surface of water molecules around 
the ion. The water structure rejects the solute, but accommodates 
it inside the solvent-developed surface of low entropy but 
8 favourable enthalpy. This has been referred to as the salvation of 
'the second kind'lO or the 'hydrophobic hydration' .18 The charge
density on these ions is insufficient to overcome solvent-solvent 
8interactions in region 4 to form regions 1, 2 and 3 effectively. 
This model has been found to explain the energetics of these ions 
8 11 in aqueous solutions quite successfully. ' According to this
model, (Vi ( ) - V( t)) will have very small negativeon aq crys 
contribution from V; have positive contributions from the 
e 
reinforcement of water structure arising from the salvation of the 
'second kind' (V
si 
and negative contribution from the fitting of
these hydrophobic ions into the cavities of the reinforced solvent 
structure. The fitting of the hydrophobic ion into the cavities of 
the solvent structure may be called the cage effect (V ) 19 Itcage· 
may be noted that V is a negative number and its function is tocage 
decrease the partial molal volume of an ion due to the fitting of 
the ion into the hollow spaces of the water structure. Thus for an 
ion undergoing salvation of the 'second kind', the V. ( ) is given1.on aq 
by the relationship E.5.8. V is expected to be bigger thancage 
v -v = v +v +vion(aq) (cryst) e st cage ... E.5.8 
V and V t' because of the low charge density of the ion (low Ve)e s 
and the small increase in volume observed when normal water changes 
to the extreme case of a highly developed ice structure. Also small 
V and small V t may cancel each other and so negative V e s cage
143 
dominates and (Vi ( ) - V( t)) will be negative for bulkyon aq crys 
hydrophobic ions in aqueous solutions. The values in table T.5.3
confirm this expectation. 
Having discussed the generally accepted characteristics 
which determine the partial molal volumes of ions in wate� it is 
possible to rationalise the observed partial molal volumes of ions 
in AN/H
2
0 mixtures as follows. 
5.3.1 
As discussed in Chapter 2, the effect _of adding AN to 
water is to break the 'ice-like' structure of water, e.g. the 
isothermal compressibility K = -( alnV) of AN/HO mixtures 
3P T 2 
K pass.es through a maximum at about 10 mole% AN in AN/H20
mixture.20 In other words, at 10 mole percent AN, the AN has
broken up much of the polymeric structure of water and at this 
composition the mixed solvent exhibits its most efficient mode of 
packing. The water is most dense at this composition as is 
indicated by the lowering of the partial molar volume of water as 
the A�t i's added to i·t.21 I · th t t' f AN b dtu� ncreasing e concen ra ion o eyon 
10 mole percent simply gives increasing organic characteristics to 
the solvent, so that the solvent with 30 mole% or over of AN in 
20 the mixture is essentially organic in nature. The data from
table T.5.4 indicates that (Vion - Vcryst) values
 for Ph4As
+ and
BPh� ions are negative in water, but as AN is added to water the 
values approach zero at about 12 mole percent of AN and then show a 
monotonic decrease with increase of the concentration of AN in the 
AN/H20 mixtures,. As discussed earlier the (V. - V ) values ofion cryst 
Ph4As
+ and BPh� ions in pure water are negative, due to the cage
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295a -12 -8 0 2 -3 -12
2.2b -9 -8 -3 0 1 1
5.0b -12 -8 -6 -5 -10. -14
2.lb -12 -9 -7 -9 -16 -21
14.9b 8 7 3 0 0 0
46.2b -11 -10 -15 -18 -20 -21
Kim, J.I., J. Phys. Chem.,�' 191 (1978). 
Calculated from the Pauling crystal radii as quoted in 
Nightingale, E.R., J. Phys. Chem., 63, 1381 (1959). 

















effect. As the addition of AN breaks down the structure of water 
(Chapter 2), the cage effect is no longer possible and the V pluse 
Vst is negligible so (V. - V ) of Ph As
+ approaches zeroion cryst 4 
(table T.5.4). 




+ has been observed by Millero22 when the
temperature of water is increased beyond 25° C. The influence of 
heat and the addition of AN to H20 are in one sense equivalent, i.e. both
of these tend to break the structure of water, therefore, an 
increase in the V. (hyd,rophobic bulky ion) in both cases point to1.on 
the decrease of the cage effect on the partial molal volume of these 
ions in water. In figure F.5.4 (Vion - Vcryst) values for BPh4 in
various AN/H
2
0 mixtures are plotted against the solvent mixture 
compressibility K. (The behaviour of Ph4As
+ is the same as that of
BPh� as can be seen from the data in table T.5.4.) For comparison, 
7 values for some pure organic solvents are also shown in the same
figure. The fact that the (V. - V t) values in AN/H20 mixtures 1.on crys 
containing more than 30 mole% AN lie on a straight line (figure F.5.4) 
indicates that at higher concentrations of AN in AN/H20 the partial
molal volume of BPh4 is controlled by the solvent compressibility.
The positions of solvents like DMF, DMSO, PC, AN, HCONH
2 
on figure 
F.5.4 show that the partial molal volume of BPh4 in pure organic
solvents is also directly related to the solvent compressibility 
which is similar to the situation for AN/H20 mixtures containing more
than 30 mole% AN. However, the AN/H20 mixtures containing less than
30 mole% AN deviate considerably from the straight line graph F.5.4 
indicating that at low concentration of AN the mechanism which controls 
the partial molal volume of the bulky hydrophobic ion is different 

























0 24·7 mole- % AN 
0 7·7 mole % AN 
0 HCONH2
0 2 7 mole % AN/ H20
0 H20 
Figure F.5.4: 
2·7 mole% AN/H20 
Plot of (V. - V t
) BPh -
4 
vs solvention crys 
compressibility (K). 
Values of K taken from reference 7 for pure 
solvents, reference 20 for AN/H20 mixtures.
The values of (V. - V t) BPh -4 
in pure ion crys 
solvents taken from reference 7. 
0 "QO mole % A N/H20 
O·L. 0·5 0·6 0-1 o-a o·g
K x 1 0 4 ( a t m-1 )





lower concentration range of AN can be best explained in terms of the 
modified cage effect discussed above. 
5.3.2 
+ + + 
Na , Ag AND Cu IONS 
+ These ions are very different from Ph4As or BPh4 because,
+ 
unlike Ph4As , they are hydrophilic and are solvated by water through
'solvation of the first kind 1 • 1° Figure F.5.1 shows that as a small
amount of AN is added to water, all three ions show an initial 
increase in their t:iV t values. The l:N t Ag
+ and /J.V t Cu
+ values show a
maximum at about 10 and 5 mole% AN/H20 compositions respectively and
then decrease monotonically with the increasing concentration of AN 
in the AN/H20 mixture. 
+ The �Vt Na increases up to about 20 mole%
AN/H20 and then remains constant up to about 50 mole% AN/H20. At
concentrations higher than 50 mole% of AN, �Vt Na
+ decreases sharply
to near its value in anhydrous AN. + + Tbus Cu and Na again show very
different chemistry in AN/H20 mixtures with Ag
+ like Cu+ but less
different from Na+ . 
According to the Frank and Evansmodel9 for the hydration of 
+ Na, the partial molal volume of the ion is given by equation E.5.7
i.e, V + - V + Na (aq) Na (cryst) ..• E.5.7 
+ It has been discussed in Chapters 3-4 that when Na is transferred
from water to water containing a small amount of AN (AN/H20), the Na
+ 
remains preferentially solvated by water. Since water in bulk is 
more structured and has greater volume than in AN/H20 (Chapter 2),
the ion breaks fewer H-bonds in AN/H20 than in water when forming
regions 1, 2 and 3. This is confirmed by a negative enthalpy of 
transfer of Na+ from H20 + AN/H20 (see Chapter 4). Therefore, the
148 
decrease in the partial molal volume of Na+ mainly via v3 in AN/H20
is less than that already noted in water and the initial increase on 
+ transfer of 6VtHzO+AN/HzONa results from the more pronounced structure
11 




0. The observed effect of 
+ adding AN to water on the partial molal volume of Na is similar to 
the effect of temperature on the partial molal volume of NaCl in 
water.
23 Similarly Desnoyers et a1
24 have observed that
�VtH O /H 0NaCl goes through a maximum as the amount of urea is2 -+urea . 2 
increased in the mixture. Acetonitrile, urea and heat all break the 
+ structure of water and the fact that 6Vt Na or 6Vt NaCl goes through
a maximum, as the solution is heated or as AN or urea are added to 
water, indicate that the initial increase in the partial molal 
volume is related to the partially broken structure of the solvent 
and its smaller volume. This is further confirmed by the observation 
25 
made by Desnoyers that the !NtHzO-ill20
NaCl is negative. n
2
o is
18 more structured than water, therefore the direction of 
lVtHzO-tDzO
NaCl is opposite to that of �VtHzO+AN/HzO or urea/HzO"
The bVt Na
+ reaches its maximum at around 25 mole% AN/H20 mixture
composition which is the composition near where all the polymeric 
structure of water appears to be broken (Chapter 2). Beyond this 
+ composition the �Vt Na shows very little change until, at very high
concentration of AN(� 65 mole% AN) when the partial molal volume 
of Na
+ 
decreasessharply and approaches rapidly to its value in pure 
AN. The conductance, 6GtHzO+AN/HzO (Chapter 3 and 4) and the NMR
d. 
26 
· d' h h' h . f AN . A/ 0 stu ies in icate t at at very ig concentrations o in N H2 ,
the AN replaces HzO in the salvation shell of Na+. Thus as discussed 
+ in Chapter 4 for Cu , due to the presence of AN in the salvation 
shells of Na
+ 
at higher concentration of AN, the nitrile solvated Na+ 
+ + ion behaves like a hydrophobic bulky ion such as Ph
4
As and Cu (AN)4
therefore its molal volume is determined by the solvent 
compressibility, just as for Ph4As
+, as discussed above.
149 
26 The NMR data, conductance and the thermodynamic functions 
+ + of transfer (H20+AN/H20) for Ag and Cu ions (Chapters 3 and 4),
+ + indicate that as a small amount of AN is added to water, Ag and Cu 
ions get preferentially solvated by AN in the solvent mixture. The 
+ + Cu ion responds more strongly than the Ag ion to the addition of 
AN Th f i h 1 i th transfer Of Ag+ to water. ere ore, n t e vo umetr c sense e 
and Cu+ ions from water to AN/H20 will result in:
(a) the return of the water molecules from the salvation shells, 1,
2 and 3 of Ag+ or Cu+ to the structured bulk solvent forming
normal water-hydrogen bonds;
(b) the freezing of AN molecules from the bulk solvent into the
salvation shells of Ag+ and Cu+ ions and the interaction of the
Ag+ (AN) and Cu
+
(AN) species so formed, with the bulk solvent.X y 
The effect of the return of H20, i.e. step (a) will be to
increase the partial molal volume of the ions. For example, data for 
+
Ag in pure water show that due to the formation of zones 1, 2 and 3
+ 3 -1 in water, (VA + ( ) - V tAg ) is -12 cm mol (table T.5.4). Thusg aq crys 
+
on transfer of Ag from water to AN/H20, if the zones 1, 2 and 3 of
water return to the bulk solvent, then there is a component causing an 
increase of 12 cm3 mol-l in volume. Step (b) will modify this and
1 t ' AN 1 t d Ag+ or Cu+ . h . h b h 1 . k b lk resu · in an -so va e species, w J.c e aves i e a u y
hydrophobic ion, similar to Ph4As
+. The Ag(AN): and Cu(AN); species
will interact with the bulk solvent (H20 containing small amounts of
AN) through 'salvation of the second kind' (Chapter 4) forming 
cages. This reinforces the structure of the bulk solvent mixture, 
thereby increasing the ionic partial molal volume to some extent 
! ! 
because structured water is more open. + However, Ag(AN) andX 
150 
Cu(AN);, as discussed for Ph4 As
+
, fit into the cages of the
reinforced solvent structure and this provides a negative contribution 
+ + 
to the V
AN/HzO(Ag or Cu). The magnitude of this cage effect at a
particular concentration of AN in an AN/H20 mixture can be estimated
+ 
from the (VPh A+ - V tPh4 As) value at that particular4 s crys 
concentration of AN in the AN/H
2
0 mixture. Thus from table T.5.4 at 





is� -6 cm3 mol-1. Therefore, if the same value is taken as the cage
effect for the nitrile solvated Ag+ ion, the combination of the steps 
'a' and 'b' would mean that the tv Ag
+ = +12 -6tHzO➔lO mole% AN/HzO 
3 -1
+6 cm mol . Figure F.5.1 shows that this value is very close to
the value obtained experimentally. In Chapter 4 it has been discussed
+ 
that the Cu(AN) species isy 
+ 
more hydrophobic than Ag(AN)x is AN/H20
+ mixture (e.g. the entropy of transfer of Cu from H20 to AN/H20 is
more negative than that of Ag
+
). Thus the Cu(AN) + speciesy 
reinforces the structure of 
Therefore, the reduction in 
effect, is higher than that 
water even more than the Ag(AN) + species. 
X 
volume for Cu(AN) + due to they 
+ 
for Ag (AN) , especially as x 
cavity 
is less
than y (Chapter 4). 
+ Figure F.5.1 shows that 6VtHzO+AN/HzO
Cu is
+ less than 6VtHzO➔AN/HzOAg in the same solvent.
+ + At higher concentrations of AN, Cu and Ag both show a 
sharp decrease in the bVt values. Figure F.5.5 shows that in AN/H20
+ + mixtures containing more than 20 mole% AN, the (V
AN/H.20
Ag or Cu -
V tAg
+ 
or Cu+) value is directly proportion.al to the solventcrys 
compressibility K. 
+
Again this behaviour of nitrile solvated Ag 
and Cu
+ 
is similar to that of the bulky hydrophobic BPh4 or Ph4As
+
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Figure F.5.5: Plot of (Vion-Vcryst) for Ag
+ 
and cu+ ions vs the solvent compressibility (K)






Vcryst) vs K for Cu
+ is greater than for 
+ 
Ag
This is not unexpected, in view of the fact that the surface charge 
density + of Cu is greater than Ag+ and also that the + Cu can have 
+ stronger pn-dn interaction with 4 AN molecules compared to Ag ,
which interacts with 2 AN (Chapter 4). + The Cu can collapse the AN 
+ molecules around itself more tightly than can the Ag ion.
5.3.3 PARTIAL MOLAL VOLUMES OF ANIONS (Cl- AND N03) IN AN/H20 
SOLVENT MIXTURES 
In the entropic and the volumetric sense the behaviour of 
halide ions is very similar to that of the alkali metal cations in 
aqueous solutions. Table T.5.3 indicates that the entropies of 
solution and (V. ( ) - V t) values of both anions and cations:.ton aq crys 
increase as the ion becomes larger. (For the meaning of the term 
'entropy of solution', see table T. 5. 3, footnote 'b 1.) However, the 
K+ ion has an entropy of solution of +44.9 JK-l mol-l whereas F- of
similar crystal volume is -19.6 JK-
l mol-1.27 On the basis of the
entropy values, the K+ ion is a structure breaker and F- is a
structure maker. However� the (V
j ( ) - V t) values for K
+ and _on aq crys 
F are small and essentially the same (-2.2 cm
3 mol-1). Table T.5.3
shows that in the entropic sense, due to the higher crystallographic 
volume of N0
3 
than F-, the nitrate ion is a structure breaker with
/J.SO solution
-1 -1 = +74.4 JK mol , whereas the [V - - V - ] N0
3
(aq) N03(cryst) 
3 -1 is -11.8 cm mol which is even more negative than the 
3 -1 corresponding value of -2.1 cm mol for the structure making F 
ion. It is therefore apparent that in addition to the simple 
structure making and structure breaking effects there are some other 
factors which also influence the partial molal volumes of anions in 
aqueous solution. The orientation of the water dipoles around a 
cation is 
e.g. 0, 
very different from that about an 
0 rrtt -0 solvate water through H ,.....0 
anion. The negative 
whereas the cations, 
0-6 �H+o +O solvate through O,H . Due to the tendency of the 
+8 




different orientation of the water molecules around the anions, the 
packing (void space effects) could be considerably different from 
those of the cations. This is evident from the results of figure 
F.5.1 which shows that AVtHzO
+AN/HzO
Cl- and N03 is very different
from Na. The volume behaviour of anions remains a puzzle. 
LWtHzO
+AN/HzO
Na+ shows an initial increase whereas
AVtHzO
+AN/HzO
c1- or No; shows a sharp decrease when AN is added to
water. The AVt values for these anions decrease with addition of up
to about 10 mole percent of AN in an AN/H20 mixture. This is the
composition at which the structure breaking effect of AN on the 
water structure is expected to be maximum (Chapter 2). It appears 
that there i.s some relationship between the structure of the solvent 
and the AVt C
l- or NO;, but why it is of opposite direction from the
relationship of AVt Na
+ 
is not clear. A minimum with EtOH addition
in AVt Cl-(H20
+EtOH/H20) was related to the minimum in the
28 structuredness of EtOH/H20 mixture by Lee and Hyne. 
Despite the difficulty in understanding the anion behaviour, 
the major aim of this work is to compare the chemistry of the cations 
(Na
+, Ag+ and Cu
+) in AN/H20 mixtures and the consequences of
preferential salvation. The observed behaviour of the anions may be 
different from those of the cations due to the packing effects. It 
is also possible that the choice of the TATE assumption for splitting 
the electrolyte partial molal volume into the ionic contributions is 
I I 
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however, independent of any assumption and is easily seen from 











are plotted against the solvent composition. Since the anion is 
common, the difference in the volume behaviour of these electrolytes 












0 mixtures, whereas the hydrophilic aquated Na
+ 
ion shows quite
a different trend. 
+ 
Na tends to approach the behaviour of the 
hydrophobic solutes only at very high concentrations of AN. 
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THERMODYNAMICS OF SOME EQUILIBRIA OF HYDROMETALLURGICAL IMPORTANCE 
6.1 INTRODUCTION 
In introduction to this thesis, it has been pointed out 
that a major aim of this work is to understand the thermodynamic 
b h f C + d C 
2+
. . . / 
. e aviour o u an u ions in organic water mixtures,
particularly in AN/H
2
0 mixtures and to apply the knowledge so gained
to optimise various equilibria dependent on Cu
+ 
and cu2+ ions in 
solution. Therefore, in Chapter 4 the energetics of salvation of these 
ions were considered and compared with those of Na+ and Ag
+ in a 
variety of org/H20 mixtures. This chapter considers the
thermodynamics of some equilibria of hydrometallurgical importance. 
The free energy, enthalpy and entropy changes associated with 
hydrometallurgical equilibria E.6.1 to E.6.5, involving Cu+ and cu2+ 
ions in a number of solvents are discussed and the implications of 
the results to these equilibria are considered. All these equilibria 
have the promise of leading to recovery of high purity copper or 








+ Cu S(s)Cu 
2 
2+ 0 












2 Cu + E.6.1
+ 
2Cu + S(s) E.6.2
+ 
2Cu + CuS(s) E 6.3 
Cu++ Ag+ E. 6. Li
Cu++ Fe3+ E.6.5
- - � - - - - _ _  :,.. ---- ---------------,-� 
6.2 EXPERIMENTAL 
158 
The experimental details for measuring the heat of reaction 
of copper with cu2+ (reaction E.6.1) in AN/H
2
0 have been described
in Chapter 4. The heat of this reaction (E.6.1) in 5.7 mole% HAN/ 
H20 was determined, using an LKB-87 00 calorimeter, applying the same
procedure as for the AN/H20 solvent mixture. The heat of reaction
E.6.1 in 5.7 mole% Py/H20 was estimated by measuring the temperature
0 0 dependence of E cu+/cuO and E cu2+;cu+ in 5.7 mole% Py/H20 by setting
up cells C.6.1 and C.6.2 respectively and measuring their potentials 
against the reference cell C.6.3 in the temperature range 20 to 50° C. 
The values were corrected for the variation of the standard electrode 
2 potential of the saturated calomel electrode with temperature. 
+ -Cu/ Cu 0.01 Mas N03 //
5. 7% Py/HzO 
Pt/ cu2+ 0.01 Mas NO�//
J + Cu 0.01 M
5. 7% Py/HzO 
Saturated calomel electrode// 0.1 M TEAPic // 
(SCE) in 5.7% Py/H
2
0 
... C. 6 .1 
••• C.6.2 
... c. 6. 3 
The temperature of the cells was maintained constant to ± 0.1 ° C at 
the desired temperature by circulating water around the cell from a 
thermostated water bath. An atmosphere of high purity N 2,
presaturated with 5.7% Py/H20 was maintained over the cells
throughout the experiment. 
The Cu(I)N03 solution in 5.7% Py/H20 was prepared by
cementing a solution of AgN03 of required concentration in the
solvent mixture with copper powder and filtering off the precipitated 
Ago and excess cu0 under high purity nitrogen.
6.3 RESULTS AND DISCUSSION 
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The yalues from table T.6.1 show that the standard partial 
2+ 0 2+ molar free energy of formation of gaseous Cu (�Gf Cu (g)) is much
0 + 3 higher than the corresponding value for �Gf Cu (g)" Therefore, in
2+ 0 the gaseous phase, Cu (g) can react spontaneously with Cu (s)
according to the equilibrium equation E.6.1. 
z+ O 
➔+ 2Cu+ Cu + Cu (S) E.6.1
If this equilibrium i.s transferred from the gas phase to a solvent, 
the solvation of the Cu2+ and Cu+ ions will change the energy
situation of the equilibrium and the equilibrium constant will 
2+ + depend on the relative salvation energies of Cu and 2Cu ions in 
the solvent. 
0 0 0 The �G (g)' �H (g) and �S (g) for equilibria E.6.1 to 
E.6.5 in the gas phase can be calculated from the standard
thermodynamic functions of formation3' 4 (table T.6.1), using
relationship E.6.6.
f::..Xo reaction
= r.tJ.xo .. - r.tJ.x
o 
f product f reactants E.6.6
(where X represents the thermodynamic function, free 
energy, enthalpy or entropy). 
If the reactions E.6.1 - .E.6.5 are transferred from the gas phase (g)
0 0 0 to a solvent S, the thermodynamic functions 6G (S)' 6H (S) and t:..S (S) of
these equilibria in solvent Swill be given by the equations E.6.7, 
E.6.8 and E.6.9 respectively.
0 /J.G (S)
0 
�G (g) + [r./J.Gtg+S(products) �Gt 8(reactants)]g➔� 








+ C Ag (aq)



























Standard thermodynamic functions of formation of 
various ions and compounds at 298 °K. Values 
0 + 0 + t:e s:
ale i\Hf298H (aq) = O, �Gf298
H (aq) = 
0
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) = a. Absolute values or �H2( ) 
+ H (aq) + e(g) �Hf298 H 
-1 0 + 8_ -1 +407,52 KJ mol , i\Gf298(H ) - +428.86 KJ mol . Values taken from
Rosseinsky, D.R., Chern. Rev.,�' 467 (1965). b. Values from 
reference 5. c. Values fromreference 4. d. Values uncertain as 
quoted in reference 5. e. Values from reference 3. f. Values 
estimated by using the Sackur-Tetrode equation s0 298 = (
312R ln Mi + 




0 + [tlilit 8(products) - Llilitg-+S(reactants)]
= Lill (g) g+ 




= LiS (g) + [ELi
St 8(products) -g-+ 
tLiStg-+s(reactants)]
. . . E.6.9
The terms [ZLiGtg-+s(products) - ELiGtg+S(reactants)],
[ tLiHt S (products) -- 1:LiHt 8 (reactants)] and [ I:LiSt S (products) -g+ g
+ g+ 
ELiStg+S(reactants)] could be defined as the free energy of transfer
(LiGt 8
(reaction)], the enthalpy of transfer (LiHt 8(reaction)) andg+ g+ 
the entropy of transfer (LiSt 8(reaction)) of the reaction from gasg+ 
phase (g) to solvent (S) respectively. Since the standard 
0 0 0 thermodynamic functions of formation (LiG f' LiH f and LiS f) of aqueous
ions are known in the literature,4' 5 the values of LiG0(aq)' LiH
0
(aq)
0 and L\S (aq) for equilibria E.6.1 to E.6.5 can be calculated directly
by using the relationship E.6.6. As the LiGt, LiHt and LiSt of ions of
interest for transfer from H20 to various solvents and solvent
mixtures (S) relevant to this work are known (Chapter 4 and table 
0 0 T.6.2), the values of LiG 8(reaction), LiH 8(reaction) and
Lis0 8(reaction) can also be calculated by using equation E.6.10.
0 
LiX ( S) ELiXtHzO
+S(reactants)]
... E.6.10 
The L.\Xtg+S(reaction) can be calculated by using equation E.6.11
0 0 L.\X ( S ) - LiX ( g) E.6.11
where L.\X represents the thermodynamic function LiG or L.\H or LiS. 
The influence of the thermodynamic functions of transfer of various 
ions on equilibrium E.6.1 to E.6.5 can be understood better if the 
free energy, enthalpy and the entropy changes are considered 
separately, which are discussed as follows. 
Table T.6.2: Ionic free energies (�Gt), ethalpies (6Ht) and entropies (L\St) of transfer from water to various







Cu+ Cu2+ 2+ Fe3+ Fe 
HzO 0 0 0 0 0 0 
5.7 mole % AN/H20 +l.l
a -7.3a -27.S
a 
+7.4a +l.7b +2.lb 
5.7 mole %  HAN/H20 +l
.Oa -9.2a -33 .0a +0.8
a 
5.7 mole % Py/H20 +2.8






HAN - -13. 8.1.. 
MeOH +8






d -34d d -42
d -L•l -
NMePy -lld -24d -36d -16d -
SDMF +4ld -104
d -109d 73d 
a. This work (Chapter 4).
b. Reference 10.
c. Calculated by using the relationship L\G
t 
= L\Ht - T6St.











0 0 0 0 
-2.8a -24.9a -71.6a -5.5a 
-13.0e -52. 7e - -
-20.Se -2le - -
-27.6e -54.8e - -





0 0 0 0 
3.9 17.6 43.8 12.9 







6.3.1 FREE ENERGY CONSIDERATIONS 
The effect of the 6Gt values of Cu
+ and cu2+ ions on the
reaction of copper with copper(II) ions can be seen from table T.6.3 
where the 6Gtg+S(reaction E.6.1) values for a number of solvents and
solvent mixtures are listed. In solvents like H
2
0, Me0H, Et0H and 
ethylenediamine, the relative magnitudes of the 6Gt 8cu
+ and
g➔ 
2+6Gtg+SCu are such that (-908.3 + 6Gtg+S(reaction E.6.1)) is
positive (-908.3 is the value in kJ mol-l for the 6G0(reaction E.6.1)
g 
as is shown in table T.6.3). This means that equilibrium in reaction 
E.6.1 does not favour formation of Cu+ when transferred from the gas
phase to these solvents. The reaction is endoenergetic in the order
H
2
0 > ethylenediamine > Me0H > Et0H. The 6Gtg+S(reaction E.6.1)
values in these solvents are in accord with the fact that the
2+ transfer of Cu from gas to the 0-donor solvents is more favourable
in the order H
2
0 > Me0H >·Et0H.6a
The cu2+ as well as the Cu
+ are expected to interact with 
these oxygen donor solvents through the Born type electrostatic 
interactions.6b However, the cu2+ ion being a doubly charged ion can
differentiate between solvents far better than the monovalent Cu+ 
ion. For example, figure F.6.1, where the 6Gt values of Na
+, Ba2+
2+ + and Cu ions are plotted against the �GtK values for transfer from
water to various oxygen donor solvents, shows that all the ions show 
similar orders of salvation by the solvents shown in the figure, but 
the slopes m (m = tiGtM°+/6GtK
+) for the divalent ions are higher than
those for the monovalent ions. Typically the 6Gtcu
2+/6GtK
+ = 3.8
indicating that the strength of interaction of Cu2+ ion with these 
solvents is about four times that of the monovalent K+ ion. Thus it 
may be concluded that the salvation of the cu2+ is dominant in 
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Table T.6.3: The values of the free energy of transfer of reaction 
E.6.lhwhen transferred from water to a solvent (S) and
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values from table T.6.1 into equation E.6.6. 
Calculated by using the relationship E.6.11. 
Calculated by using the relationship E.6.10 and the appropriate 
llGtHzO-+S(ion) values from 
table T.6.2.
Calculated by using the relationship 6G
0 = -RT ln K. 
Infinitely dilute solution. 
Value from reference 8. 
Jolly, W.L., J. Am. Chem. Soc.,�, 4849 (1956).
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(Values from Parker, A.J., Literature review (unpublished). 
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determining the position of the equilibrium E.6.1 in the oxygen-
donor solvents discussed above. 
2 + + The salvation of Cu is more favourable than of Cu by
ethylenediamine because the former ion can form chelation complexes 
with the diamine whereas Cu+ is unable to do 7,8 so. Therefore, as
in water the position of equilibrium (E.6.1) shifts to the left when 
transferred from the gas phase to the diamine. 
In solvents like AN, SDMF, NH3, DMSO and NMePy, and
solvent mixtures like AN/H20, HAN/H20 and Py/H20, the 6Gtg+S values
+ 2+ of Cu and Cu are such that [-908.3 + LiGtg+S(reaction E.6.1)] is
negative, i.e. in these solvents the equilibrium (E.6.1) favours 
+ + formation of Cu . Equilibrium favours Cu more strongly in the
order SDMF >>AN> NH3 = NMePy > DMSO. The data from table T.6.3
also shows that the log K values for reaction E.6.1 in various 
aqueous solvent mixtures favour Cu+ in the order Py/H20 > 
HAN/H20 > AN/H20. This is because all solvents which favour Cu
+ 
formation have strong specific co-ordination interaction with Cu+ 
I 
+ (Chapters 3 and 4), so that 21:.Gtg+S Cu is more negative than
2+ 6Gt 8cu . The nature of the specific ion-solvent interactions ofg+ 
Cu+ in these solvents have been discussed in Chapter 4.
The free energy change associated with reactions E.6.2 -
E.6.5 in the gas phase (i.e. t:.G0 ) and in the aqueous phase (�G0 )g aq 
are calculated by using the equation E.6.6. The appropriate 
AGOf 
cu
2 +. AG° C + AGOf 
Fe2+ . AG° F 3+ d h A O A+ 1 f u , u·f u ,  u , u f e an t e uGf g va ues ·or this
purpose are taken from table T.6.1. 0 The tiG values for these 
reactions in various solvent mixtures (S) are calculated by using the 
relationship E.6.10 and the appropriate !':.Gt(ion) values from
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table T.6.2. The results are shown in table T.6.4. Like 
equilibrium E.6.1, the equilibria E.6.2 to E.6.5 have negative DG0 
values in the gas phase but are endoenergetic in the aqueous phase. 
They are also endoenergetic in 5.7 mole% AN/H20, unlike reaction
E.6.1. 0 The DG 5.7% AN/Hz
O(reactions E.6.2- E.6.5) values are less
positive than their corresponding values i.n water. At this 






0 sufficiently negative to make the value of [DG (reactions E.6.2 tog 
0 E.6.5) + DGt 5 7 % AN/H 0(reactions E.6.2- E.6.5)], negative, but atg+ . 0 2 
higher concentrations of AN in AN/H20 solvent mixtures, the
bGtg+AN/Hz
OCu+ and DGtg+AN/HzOAg
+ values become increasingly negative 
and the bGtg+AN/Hz
Ocu
2+ increasingly positive (Chapter 4), with the
result that the l:J.G0 values for reactions E. 6. 2 - E. 6. 5 change from 
endoenergetic to exoenergetic at concentrations of AN which are 
signi.ficantly higher than 5.7 mole% AN (table T.6.5). 
6. 3. 2 ENTHALPY AND ENTROPY CONSIDERATIONS 
6.3.2.1 Enthalpy Considerations 
0 The 6H
S 
values for reactions E.6.1 and E.6.5 in the gas
phase and in aqueous phase have been calculated from the standard 
enthalpies of formation (table T.6.1) of various species involved in 
these reactions and are shown in table T.6.4. The table also 
includes values of �H0 for reaction E.6.1 in various solvent mixtures, 
such as AN/H20, HAN/H20, Py/H20 and NH3/H20. The values of �H
0 for
AN/H20 and HAN/H20 were obtained calorimetrically and that for Py/H2
0
0 calculated from the temperature dependence of E cu2+;cu+ and
E0cu+/cu0 couples in the Py/Hi° mixture. The experimental electrode
potential values are shown in table T.6.6. The log K (reaction E.6.1) 
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Table T.6.4: o o o 
a l>..G , l>..H and -TM values for reactions E. 6 .1 - E. 6. 5 
b b 
in gas phase, aqueous phase and various organic/H20
mixtures at 25° C. 
Reaction a Solvent (S)
E.6.1 Gas phase 
H20
5.7 mole % AN/H20
5.7 mole % HAN/H20
5.7 mole % Py/H20
NH3/Hi°
g 





E.6.3 Gas phase 
H20
5.7 mole% AN/H20
E.6.4 Gas phase 
H20
5.7 mole% AN/Hz° 
















































a. See reactions listed below.
0 
b. Values calculated by substituting the appropriate l>..Gf(ion) and 
the l>..Hf(ion) values from table T.6.1 into equation E.6.6. 
c. Calculated by using the relationship E.6.10 and the appropriate 
l>..GtHzO➔S(ion) or l>..HtHzO+S(ion) values from table T.6.2.
3+ d. In this calculation,
,
the [L'lHtHzO+S. l% AN/H20Fe
-
�HtHzO+S.l% AN/HzOF
e2+] is taken to be negligible (see text).
e. Value from reference 8.
f . This work. Obtained experimentally (see text). 
g. Infinitely dilute aqueous solution.
h. Calculated by using the relationship �G




2+ + cu0 (s) t 2Cu+ ; �.6.2 cu2+ + CuS(s) t
2cu+ + S(s); E.6.3 Cu2+ + Cu2S(s) t 2 Cu
+ + CuS(s);
E.6.4 Cu2+ + AgO(s) t- cu++ Ag+; p:.6.� Cu2+ + Fe2+ t cu++ Fe3+.
! i 
Table T.6.5: !J.G0a and log Kb values for reactions E.6.1 - E.6.S c in various AN/H
2
0 mixtures at 25°C. 
(Molar scale). 
Reaction 






o log K f:.G
o log K f:.G
o log K !-:.G
o log K tJ.G
o log K 
0 +35.6 -6. 2 +88.7 -15.5 +69.9 -1 2 . 2 +61.9 -10.8 59.2 -10.4
5.7 -27.4 +4.8 + 2 5.7 -4.5 +6.9 -1.2 + 19. L� -3.4 24.4 -4.3
1 2 .7 -44.5 +7.8 +8.6 -1.5 -10.2 +1.8 +8.4 -1.5 14.4 --2. 5
2 5.4 -53.5 +9.4 -0.3 +o.l -19.l +3.3 -1.8 +0.3 9.4 -1.6
65.9 -74.9 +13.1 - 2 1.8 +3.8 -40 .. 6 +7.1 -18. 2 +3. 2 -3.1 +o.5
100.0 -132. 4 +2 3. 2 -79.3 +13.9 -98.1 +174 2 -78.1 +13.7 -58.8 +10.3






(ion) values from table T.4.3. The /J.GtHzO+AN/HzOFe 
and /J.GtH20➔AN/HzOF
e taken from reference 16. 
The log K values calculated by using the relationship 6G0 = -RT ln K where R and T are the gas constant 
and the temperature (K) respectively. 
. 2+ 0 + Reaction E.6.1 Cu + Cu (s) � 2Cu;
2Cu+ + CuS(s); E.6.4 Cu 2+ + AgO (s) t
2+ + 2+ ➔ E.6. 2 Cu + CuS(s)�2Cu + S(s); E.6.3 Cu + Cu 2 S(s) + 






Table T.6.6: Temperature dependence of standard electrode 
potentialsa (volts) of Cu2+/Cu+ and Cu+/cu0 couples
and equilibrium constants for reaction 
➔ 
+ 2Cu
+ in 5.7 mole% Py/H20.









+0.336 -0.052 +o. 388 6.67 
0.342 -0.048 -1-0.390 6.60 
0.349 -0. 043 +0.392 6.52 
0.357 -0.038 +0.395 6.46 
0 .364 -0.033 +0.397 6.39 
0.377 -0.024 +0.401 6.26 
C z+ d C + 1 u an u sa ts as nitrates. Experimental uncertainty 





0 .1 M tetraethylammonium 
pi.crate in 
5.7 mole% Py/H20
and expressed as versus standard hydrogen electrode (SHE). The 
SCE potential values versus SHE corrected for the temperature 
variation by using values from reference 2. 
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values calculated from these electrode potential values are plotted 
against½ (T = temperature in°K) in figure F.6.2 and the �H0(Py/H20)
calculated from the slope, m, of this graph, using the relationship 9 
E.6.12. The enthalpy of reaction E.6.1 in NH3/H20 is calculated from
�H = -(2.303 x m x R) 
s 
(where R is the gas constant) 
•.. E.6.12 
0 2+ 0 + the bHf Cu (NH3)4(aq) and �Hf Cu (NH3)2(aq) 
values (from table T.6.1).
The enthalpies of reactions E.6.2 to E.6.5 in 5.7 mole% AN/H20 are
calculated by substituting the ionic enthalpies of transfer values of 
Cu+, Cu2+ and Ag+ ions for transfer from water to 5.7 mole% AN/H
2
0 
from table T.6.2 in equation E.6.10 and the results are shown in 
table T.6.4. 
0 The �HS values for reac ti.ans E. 6 .1 -E. 6. 5 in various media 
are shown in table T.6.4. With the exception of E.6.5 the �H� values 
are exothennic in the gaseous phase. All these equilibria are 
endothermic in water as solvent. The reaction E.6.1 is exothermic 
Reactions E.6.1, E.6.2, E.6.3 and E.6.5 are exothermic in 5.7 mole% 
AN/H20, whereas reaction E.6.4 is endothermic. As with the free
energy considerations, the exothermic and endothermic values of 6H08
for reactions E.6.1-E.6.5 depend on the �H0 for these reactions in 
d + C 2+ + 
2+ d 3+ the gas phase an the appropriate �Ht 8cu , 
u , Ag , Fe an Fe g+ 
values. + + 
. 2+ The greater -�Htg+SCu or Ag relative to -6Htg+SCu , the
more exothermic are reactions E.6.l-E.6.5. The transfer functions 
2+ 3+ from water of Fe and Fe are not known, however, they are not 
0 expected to contribute significantly in determining the �HS of 
reaction E.6.5, on transfer to dilute AN/H20 because, being on the
opposite sides of the equation E.6.5, the small effect of one on 
. 6-7
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Figure F.6.2: 
1 K-1 x 10s 
T 
1 . 2+ 0 Plot of log K vs 
T 
for the reaction Cu + Cu t 






llH� wi11 effectively cancel that of the other. This is a reasonable 
expectation in view of the fact that Fe
2+ and Fe
3+ both are 
preferentially solvated by water in AN/H
2
0, as is shown by their 
10 small llGt values (table T.6.2). The solvation shells of both of
these ions remain essentially the same as in water when transferred 
to AN/H
2
0, especially at low concentration of AN. Thus the enthalpy 
change associated with the transfer of these ions will be small and 
3+ 2+ hence it has been assumed that the �HtHzO+AN/HzO(Fe -Fe ) is
ca. zero and that enthalpies of transfer of the copper ions dominate 
changes in �H� reaction E.6.5 on transfer from water to 5.7% AN/H20.
6.3.2.2 Entropy Considerations
0 The L1GS values. for reactions E.6.1 to E.6.5 are combined
with their corresponding bH� values to calculate the entropy change 
values (�S�) associated with these reactions and these values are 
shown in table T.6.7. The results of this table indicate that there 
are large entropy changes when any of these reactions are 
transferred from the gas phase to a solvent S. The transfer of 
reaction E.6.1 from gas to H
2
0 or to NH3/H20 is
accompanied by a gain in entropy. However, the transfer of this 
reaction to AN/H
2
0, HAN/H20 or Py/H20 is followed by a loss in entropy.






0. The entropy 
changes associated with the transfer of equilibria E.6.2 and E.6.3 
from gas to various solvent mixtures are similar in all respects to 
E.6.1 because the ions which undergo transfer in these reactions are
the same. Even though equilibrium E.6.4 differs from equilibrium
E.6.1, i.e. it has an Ag+ ion as one of the products in place of one
+Cu, the trend of the entropy change is exactly the same. However,
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Table T.6.7: 0 Values for the entropy change (�S ) associated with 
the reactions E.6.1 - E.6.5 and the entropies of 
transfer of reactions E. 6 .1 - E. 6. 5 from gas phase 
to various organic/water mixtures (S) at 25° C.a
Reactionc Solvent t>.S
0 reaction 11St 5reactiong➔ 
No. (S) (J K-l mol-1) (J K-l mol-
1)
E.6.1 Gas phase +112. 4 0 
HzO +147.3 +35
5.7 mole % AN/H20 -106 -218
5.7 mole % HAN/H20 -86 -198
5.7 mole % Py/H20 +48 -65
NH3/H20 
b +220 +108
E.6.2 Gas phase +110.7 0 
H20 +145.6 +35
5.7 mole% AN/H20 -107.7 -218
E.6.3 Gas phase +92.6 0 
H20 +127.5 +35
5.7 mole% AN/H20 -125.8 -218
E.6.4 Gas phase 108.7 0 
H20 +171.5 +64
5.7 mole% AN/H20 +6 .. 4 -102
E.6.5 Gas phase -15.4 0 
H20 -38 -23
5.7 mole% AN/H20 -145 -130
a. Values calculated from the results shown in table T.6.4.
b. Infinitely dilute aqueous-ammonia solution.
c. Reaction E.6.1 cu
2+ + cu0(s) t 2Cu+ ; E.6.2 Cu2+ + CuS(s) t
+ 2+ + 2Cu + S(s); E.6.3 Cu + Cu2S(s) t 2Cu + CuS(s);
2+ 0 + + 2+ 2+ + E.6.4 Cu + Ag (s) t Cu + Ag ; E.6.5 Cu + Fe t Cu + F 3+e . 
the magnitude of entropy change is smaller than for the reaction 
+
E.6.1, which has two Cu ions as products.




. 11 comp exes in aqueous ammonia so utions. Thus the transfer of 
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reaction E.6.1 from gas to n
2




0 is similar in the
sense that on transfer to the solvent mixture one Cu
2+ ion and two 
+Cu ions are solvated by the same component of the mixture, i.e. 
these ions have H
2







0 mixture. The value of the
entropy change associated with the transfer of reaction E.6.1 from 
gas to water phase (table T.6.7), which also represents the value for 
[ 2 Mt H 0cu+ - l:iSt � 0c
u2+ ] indicates that the transfer of cu
2+g+ 2 grnz 
from gas to water is accompanied by a larger loss of entropy than 
_,_
the transfer of two Cu' ions. This is due to the long range ordering 
of the water molecules by the dipositive copper ion as discussed in 
+ + Chapter 4. In NH3/n2o mixtures, the Cu ion exists as Cu (NH3)2 and
cu2+ as cu2+ (NH3)4.
11 Lhus when reaction E.6.1 is transferred from
gas to NH3/H20, the contribution to the entropy change arising from
h i j f h NH 1 .. d h C z+ d C + . t e or entat .on o t e 3 mo ecuies aroun t e u an two u ions
. 
+
is cancelled because two moles of Cu (NH
3
) 2 species are formed for
2+ 
each mole of Cu (NH3)4. However, the long range ordering effect of
2+ Cu in aqueous medium is still operative and is the major factor in 
determining the entropy change associated with this transfer. Thus 
the considerations of entropy change for transfer of the reaction to 
H20 and to NH3/H20 are the same in principle. However, since a lower
number of water molecules are ordered i.n the solvation shell of cu
2+
in NH3/n2o than in water, the gain of entropy on transfer of
reaction E.6.1 to m-13/H20 is expected to be lower than the
corresponding gain in water. But the results of table T.6.7 do not 
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support this expectation. The values shown in this table are based 
on the literature values5 of �G0f and �H
0
f of the Cu
+(NH3)2(aq)
species (table T.6.1). These values are believed to be uncertain5 
and therefore, may be suspect. 0 For example the �G (reaction E.6.1) 
0 0 in NH3/H20 calculated from these values of �G  f and �H f of the
+ -1 Cu (NH3)2(aq) species is -19.2 kJ mol whereas a value of -9.6 kJ
-1 8 mol has been reported by Randles for the same reaction in dilute
aqueous ammonia solutions. Similar arguments are also valid for other
reactions involving Cu+ and Cu2+ , when transferred from gas to water,
3+ except reaction E.6.5, where Fe is one of the products. F 3+e is a 
triply charged ion and can cause a greater long range ordering of 
2+ water molecules in aqueous solutions than can Cu ion, therefore,
the transfer of reaction E.6.5 from gas to water is accompanied by 
an entropy loss. + 2+ In Py/H20 system, the Cu and Cu ions are
solvated by the same component, i.e. Py (Chapters 3 and 4). This 
case is similar to that already discussed in the NH3/H20 system.
However, the situation is different in terms of the stoichiometry of 
the complex ions formed in the two solvent mixtures. In NH3/H20
i h C z+ d C + . i C ( )2+ d C ( )+ m xture, t e u an u ions ex st as u NH3 4 an 'u NH3 2 
respectively; whereas in Py/H20 both the ions have the same
11 12 stoichiometry (1:4 Py complex). ' This suggests that in Py/H20
+ system, two Cu ions would order eight Py molecules compared to a
cu2+ ion which would order only four Py molecules. Hence a loss of
entropy accompanying the transfer of reaction E.6.1 from gas to Py/H20
is to be expected. In addition, the pyridine solvated ions will act 
as bulky hydrophobic ions and therefore can cause a loss in entropy 
in aqueous solutions via the 'solvation of the second kind 113 
( Ch 3 d 4) H h C 2+ . . h apters an . owever, t e u ion can continue to ave two
loosely bound water molecules along with four Py molecules in its 
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+ octahedral configuration, but not Cu , therefore, the hydrophobicity 
2+ + of the Py solvated Cu ion could be lower than that of the Cu Py, 
LJ. 
species. An indication to this effect comes from the observed 
+ 2+ relative equivalent conductance values of Cu and Cu in Py/H
2
0 in
Chapter 3, where it has been shown that the cu2+Py4 species is more
+ mobile than the Cu Py4 species due to the hydrophilic/hydrophobic
effect of these ions. Thus it may be concluded that two pyridine 
+ 2+ solvated Cu ions can cause more order than one Cu Py4 species, and
this results in the observation that there is a loss of entropy when 
reaction E.6.1 is transferred from gas to Py/H20. The transfer of
reactions E.6.1, E.6.2, E.6.3 and E.6.5 from gas to nitrile/H
2
0 
(AN/H20 or HAN/H20) results in the preferential -salvation of Cu
+ ions
by the nitrile (Chapters 3 and 4). 
+ A Cu (nitrile) (n = 2-4) species 
n 
is formed. The cu2+ is preferentially solvated by water (Chapters 3 
and 4). 
2+ Even though Cu can cause loss of entropy through 'long
range order 1 effect of water in the nitrile/H
2
0 solvent, the freezing 
+of 8 heavier nitrile molecules by the salvation shells of two Cu 
ions results in a larger loss of entropy than does the water 
ordering by cu2+ . Also, the nitrile solvated Cu+ ions being 
hydrophobic in nature (Chapter 4), cause further loss of entropy via 
salvation of the 'second kind' in nitrile/H20 mixtures (Chapter 4).
These factors combine to give a large loss of entropy accompanying 
the transfer of these Cu+ forming reactions from water to the nitrile/ 
water mixtures. 
The HAN differs from AN in the sense that the HAN molecules 
+ 
in the salvation shells of Cu , can have weak interactions with the
bulk solvent through the -0-H end of the molecule. 







However, due to the long aliphatic chain length of HAN, its 
interaction with the neighbouring solvent molecules is expected to be 
very weak. Moreover the HAN/H20 solvent mixture is expected to be
more structured than AN/H20 due to the possibilities of
intennolecular hydrogen bonding via the -0-H and -C=N ends of the 
HAN molecule. Therefore, lesser entropy is lost on salvation of an 
ion in this solvent than if the solvent were relatively less 
structured. Nevertheless, the comparison of the �Stg�s(reaction
E.6.1) values (table T.6.7) in AN/H20 and HAN/H20 does show that
there is some contribution from the greater structure of HAN compared
to AN, which causes the loss of entropy of transfer of reaction E.6.1 
-1 -1 to be 198 eu in HAN/H20 versus 218 eu (eu = JK mol ) when transfer is to
AN/H20. The entropic salvation effects of AN/H20 on reactions
+ + E.6.1 and E.6.4 are of interest because Ag , like Cu , is
preferentially solvated by AN in AN/H20 mixture (Chapters 3 and 4).
+ However, Ag can usually accept two AN molecules into its salvation
h 11 d 11 f AN b C 
+ 11
s e compare to usua y our y u .  Thus only six AN 
molecules lose their translational entropy in reaction E.6.4 
compared to eight AN for reaction E.6.1. In addition, the 
+ + hydrophobic nature of Ag (AN)2 would be smaller than that of Cu (AN)4.
These factors explain why reaction E.6.4 has a loss of entropy of only 
102 units compared to a loss of 218 entropy units for reaction E.6.1, 
when they are transferred from the gas phase to an AN/H20 mixture.
6.3.3 THE TEMPERATURE DEPENDENCE OF EQUILIBRIUM CONSTANTS 
To maximise desired products in a finely balanced 
equilibrium, it is helpful to know the influence of temperature on 
the equilibrium constant. The equilibrium constant K is related to 
0 the temperature (T°K), the enthalpy change (�H) and the entropy 
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0 9 
change (6.S ) through equation E.6.13. Log K values at different 
R ln K = !::.
Go 
- -- = /J,H
o 




temperatures, for equilibria E. 6 .1 - E. 6. 5, have been calculated 





table T.6.4 and T�6 'l_r_ respectively. In aqueous solutions, reactions
E.6.1 to E.6.5 are all endothermic and except for E.6.5 proceed with
a gain in entropy (Table T.6.7). Since these reactions are 
+ 
endothermic, log K becomes more positive (i.e. product Cu is 
favoured) at higher temperatures. The effect of temperature on the 
equilibrium is quite significant, e.g. for reaction E.6.2, log K 
changes from -17.7 to -10.9 in water as the temperature is raised 
from 0 ° G to 100° C. The log K for reaction E.6.2 theoretically
reaches zero at 632 ° C.
In the nitrile/H�O mixture. all but equilibrium E.6.4 are 
L 
6.H 
exothermic and proceed with a loss of entropy, i.e. the - T- and 6.S
terms contribute in an opposite sense to log K. The lower the 
D.H . + 
temperature the more the - T term favours the formation of Cu for 
all reactions except E.6.4. At higher temperatures, the contribution 
D.H 
of - T of course becomes smaller until the reactant favouring D.S
term eventually becomes dominant. The magnitude of the temperature 
effect can be seen from table T.6.8. In 5.7 mole% AN/H
2
0, reactions 
E.6.2, E.6.3 and E.6.5 all favour reactants throughout the
temperature range Oto 100° C. In some AN/H
2
0 mixtures containing 
higher concentrations of AN (table T.6.5), formation of product Cu
+ 
is favoured at 25° C. The D.H
0 
values for these reactions are not yet
known at concentrations of AN greater than 5.7 mole%, hence for such 
solutions, values for the temperature effects on the equilibrium 
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Table T.6.8: Temperature dependence of log K values
a 
for reaction
6 1 6 Sb . . 1 . . . E . . to E. . in various so vent mixtures containing 
5.7 mole% of the organic component in the organic/ 
water mixtures, 
bReaction Solvent 
Log K at temp. °C =
No. 0 25 40 60 80 100 





























E.6.2 Gas 163.1 149.9 143.0 134.7 127.4 120.9 
-17.7 -15.5 -14.4 -13.1 -11.9 -10.9
-4.4 -4.5 -4.5 -4.6 -4.6 -4.7
E.6.3 Gas 166.8 153.2 146.1 137.6 130.1 123.3 
-13.9 -12.3 -11.3 -10.2
-0.7 -1.2 -1.4 -1.8
-9.3 -8.4
-2.0 -2.3







E.6.5 Gas -191.9 -175.9 -167.5 -140.7 -148.6 -140.7
a. 
b. 
-11.1 -10.4 -10.0 -9.5





Log K values calculated via equa tion 2.303 R log K = - - + �s0 • T 
The values of �H0 and tS0 used from tables T.6.4 and T.6.7 
respectively. 
2+ 0 , + 2+ 
Reaction E.6.1 Cu + Cu (s) t 2Cu ; E.6.2 Cu + CuS(s) 1
+ 2+ +2Cu + S(s); E.6.3 Cu + cu2S(s) t 2Cu + CuS(s);
2+ 0 + + 2+ 2+ + 3� E.6.4 Cu + Ag (s) t Cu + Ag ; E.6.5 Cu + Fe t Cu + Fe -.
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constant cannot be calculated. However, based on the knowledge of 





concentrations of AN in AN/H
2
0 (Chapter 4), the effect of temperature 
change is expected to be similar to that observed in 5.7 mole% 
+ 
That is product Cu is favou•red at lower temperatures. 
The reaction E.6.4 in 5.7 mole% AN/H
2
0 is endothermic and 
proceeds with a very small gain of entropy (table T.6.7). Therefore, 





at higher temperatures as shown in 
table T.6.8. The point to appreciate from table T.6.8 is that 
kinetic aspects are not major for these diffusion controlled 
reactions and higher equilibrium concentrations of Cu
+ 
can be 
generated at lower temperatures for reactions E.6.1, E.6.2, E.6.3 
and E.6.5 than at higher temperatures in 5.7 mole% nitrile/water 
mixtures. This has particular hydrometallurgical significance for 
reactions E.6.3 and E.6.5. The opposite large temperature effect on 
E.6.4 is even more significant. Thus a careful and educated





mixtures for those reactions like E. 6. 2 - E. 6. 5 where the equilibrium -
+ 
is not strongly in favour of forming Cu . 
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CHAPTER 7 





ON VARIOUS CONDUCTING SURFACES IN ACETONITRILE-WATER MIXTURES 
7.1 INTRODUCTION 
184 
It has been pointed out earlier in the introduction to this 
thesis that solutions of copper(!) and copper(II) sulfate in 
1-3acetonitrile-water mixtures have applications to hydrometallurgy. 
Most applications have an electrochemical basis,4-6 therefore, an






various conducting surfaces, is of interest. The electrorefining of 
copper by the electrolysis of Cu2so4 solutions in water containing
AN, with soluble copper anodes is an obvious example where the 
knowledge of the electrode processes E.7.1 and E.7.2 is most 
4-5 useful. Similarly the winning of copper via electrochemical
disproportionation5 ' 6 using an insoluble anode requires electrochemical 
d E h 1 d. i · l f 1 . f C SO ' ata. ven t erma isproport onation o a so ution o u2 4 in
AN/H20 (e.g. E.7.3), by distilling acetonitrile from the solution, is
2Cu+ t Cu2+ + Cu
O 
•.. E. 7. 3 
an electrochemical process, i.e. there are anodic and cathodic sites 
on the developing copper crystals during the disproportionation. 
Copper(II) sulfate is a moderately strong oxidant with E0 near 0.6 V 
vs SHE in acetonitrile-water mixtures.7 It is a more effective
oxidant than the commonly used iron(III) sulfate in water for many 
8 9 
hydrometallurgical oxidative processes, ' such as oxidation of 
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nickel, copper, iron, silver and metal sulfides (e.g. E.1.1 to E.1.8). 
In such processes, the mixed potential rather than E0 is of greater 
interest. The Cu
2
+ is reduced to Cu+ at cathodic sites on the
material which is being oxidised. When copper metal is oxidised to 
Cu
+
, the oxidation is at anodic sites on copper metal, so that 
oxidation (E.7.2) is relevant. These corrosion reactions are not 
10always diffusion controlled, so that the electrochemical 
characteristics of reaction E.7.1 and E.7.2 at different surfaces 
need to be understood if the mixed potentials are to be interpreted 
and the leaching is to be optimised. 
Apart from the practical applications of the study of the 
electrode processes E.7.1 and E.7.2, this investigation is 
fundamental to the ionic salvation phenomenon in mixed solvents. In 
previous chapters, it has been shown that the thermodynamic, 
conductance and partial molal volume studies (Chapters 3, 4, 5) 
indicate that the salvation shell of Cu
2+ 
is composed almost entirely
+of water molecules while that of,Cu is composed almost entirely of 
AN in AN/H
2
0 mixtures of moderate (30 - 50 v /v %) AN content. There 
is a substantial gain of entropy when the disproportionation 
reaction E.7.3 of Cu+ is transferred from water to mixtures of 
acetonitrile with water (Chapter 6). This entropy gain is associated 
+ with drastic solvent reorganisation as one AN-solvated Cu is reduced
to unsolvated cu0 and another is oxidised to water-solvated cu2+. 
One might expect some effect on the electrochemical characteristics 
of reaction E.7.3, of the solvent reorganisation which takes place in 
acetonitrile-water mixtures when cu
2+ 
is converted to Cu+ or vice 
versa. 
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In this chapter, the results of cyclic voltammetry (CV) 
2+ + applied to dilute Cu and Cu sulfate solutions containing various 
concentrations of AN on different electrode materials at various scan 
rates are described. They are discussed in terms of heteroselective 
+ 2+
salvation of the Cu and Cu ions in AN/H
2
0 mixtures. (The solvent
mixture composition is expressed as volume/volume (v/v)% AN/H20.)
7.2 EXPERIMENTAL 
Copper(!) sulfate solutions were prepared by stirring 
together Analar Cuso4.5Hz0 and excess copper powder in the
appropriate mixture of aqueous nitrile containing ca. 0.01 mol 1-1
H2so4. Pure AN was obtained as discussed in Chapter 3. It was
found to be free of ammonia and other electroactive materials - such as 
acrylonitrile. Solutions of copper(II) sulfate were analysed 
iodometrically. Solutions of copper(I) sulfate in aqueous AN were 
standardised by titration with standard KMn04, under a nitrogen
atmosphere, till the disappearance of the pink coloration. pH was 
measured using a Metrohm combined glass electrode (EA121) and the 
PAR 170 Electrochemistry System. All solutions were prepared using 
oxygen free solvent. A nitrogen atmosphere, pre-saturated with the 
solution under investigation, was maintained during the experiments. 
The auxiliary electrode was a platinum wire ( 25 swg) spiral sealed in 
pyrex. Working electrodes of Pt were either commercial model 
(Beckman 39086) or � 0.3 cm2 disc of platinum sealed in pyrex with a
1.5 mm shielding skirt with a mercury contact or a wire with a 
spherical bead on the end to minimise edge effects. The platinum 
electrodes were degreased with chloroform and cleaned off any 
adsorbed organic matter by innnersion in chromic acid and washed with 
distilled water prior to repeated anodic/cathodic cycling to remove 
! I 
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the oxide layer formed during the above procedure. The glassy 
carbon electrode (GC) used was connnercial Metrohm EA276/l. The 
supporting electrolyte tetraethylammonium perchlorate was 
recrystallised from aqueous methanol. Solutions were prepared using 
conductivity water prepared by the method discussed in Chapter 3. 
Measurements were done on solutions contained in thermostated 
vessels maintained at 25.0 ± 0.1° C. All potentials were measured 
against a mercury-mercurous sulfate (saturated potassium sulfate)
electrode. In nitrile concentrations greater than 50 v/v % a 0.1 M 
tetraethylannnonium perchlorate, 30 v/v % AN/H
2
0 salt bridge to the 
reference electrode was used in an attempt to minimise liquid 
junction potentials. Surface areas of the working platinum (Pt) and 
k 
glassy carbon (GC) electrodes were determined by analysis of the it 2 
11 
data for the linear diffusion of potassium hexacyanoferrate. An 
E410 Metrohm micrometer screw hanging mercury electrode (HDME) capable 
2 
of reproducing mercury drop surface area to ± 0.03 nun was used for 
CV scans on Hg. Voltammograms were recorded for the copper(II)/(I) 
systems in the metal concentration range 2 x 10-
4 
to 3 x 10-
3 
M and
were initiated at potentials 200 - 300 mV anodic or cathodic of the
peak potentials being investigated and EA, the switching potential 
for the reverse scan was at least 120 mV cathodic/anodic of the 
12 
reduction/oxidation peak. 
7.3 RESULTS AND DISCUSSION 
7.3.l DIFFUSION COEFFICIENTS 
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In Chapter 3,it was pointed out that at infinite dilution, 
+ + the conductance of Cu and Ag ions go through a minimum at about 
10 mole percent of AN in AN/H20 mixtures, whereas the conductance of 
Cu
2
+ is changed only slightly, as small amounts of AN are added to
water. This observation was related to the preferential solvation 
of the Cu+ and Ag+ ions by AN and of Cu
2+ 
by H20 in AN/H20 mixtures.
At higher concentrations of electrolytes and in the presence of 
acid, especially in the sulfate medium, the ion pairing effects are 
important and the actual mobilities of the ions are quite different 
from their values in nearly neutral solutions at infinite dilution. 
Some of the diffusion coefficients of relevance to equilibrium E.7.1
and E.7.2 are shown in table T.7.1. 
The results of table T.7.1 indicate that the mobilities of 
+ 2+ the Cu and Cu ions in th� nitrile/H20 mixtures containing 0.1 M
H2so4 are higher than those of F�
z+ and Fe3+ ions in water containing
3+ 2+ The Fe /Fe redox couple as sulfate or chloride in 
acidic water is commonly used as an oxidant in many hydrometallurgical 
processes, e.g. leaching of copper sulfides.8' 9 The diffusion
coefficients suggest that for diffusion controlled oxidations, the 
Cuso4/cu2so4 couple in AN/H2
0 mixtures could be about twice as fast
as Fe2(so4)3/Feso4 in water.
7.3.2 ELECTRODE KINETICS 
+In acidic aqueous solutions i.n the absence of strong Cu 
ligands, the electroreduction of cu2+ on Pt, Hg and GC does not 
189 
Table T.7.1: Diffusion coefficients of Cu2+, Cu+ and some other 









H20 1.0 M HzS04
10 v/v % AN/HzO 0.12 M H2so4
30 v/v % AN/HzO 0.05 M HzS04
50 v/v % AN/HzO 0.12 M HzS04
85 v/v % AN/HzO 0.25 M HzS04
1 M HCl (aq)
1 M KCl (aq) pH 2.0 
10 v/v % AN/HzO 0.12 M HzS04
30 v/v % AN/HzO 0.05 M HzS04
.50 v/v % AN/H20 0.12 M H2S04 
85 v/v % AN/HzO 0. 25 M HzSOl
} 
1 M HCl (aq)
1 M KCl (aq) pH 2.0 
1 M H2so4 (aq)
1 M HC104 (aq)
1 M H2so4 (aq)
1 M HClOL� (aq)
1 M KCl (aq) 
2 M KCl (aq) 
2 M NaOH (aq) 
1 M KCl (aq) 
2 M KCl (aq) 




























a. Burrows, I.R., Dick, K.L. and Harrison, J .A., Electrochim. Acta,
21, 81 76).
b. Milora, C.J., Henrickson, J.F. and Hahn, W.C., J. Electrochem.
Soc., 120, 488 (1973).
c. MacLeod, I.D. and Parker, A.J., unpublished work. 
d. Peters, D.G. and Cruser, S.A., J. Electroanal. Chem., 2, 27 (1965).
e. Values as quoted in reference 11.
differentiate between forward reactions E.7.1 and E.7.2, i.e. a 
2+ 0 single peak for the reduction of Cu to Cu is observed during
13-15 15 cyclic voltammetry. Anderson and Shain have used cyclic
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2+ voltammetry (CV) to study the mechanism for the reduction of Cu in
2+aqueous 1 M N03 and 1 M c104 solutions of varying pH and Cu 


















The slow chemical step in this mechanism involves parallel deaquation 
and hydrolysis of Cu(I). The partial deaquation of Cu(II) has been 
shown to be a fast reversible process. 
In the presence of sufficiently strong Cu+ ligands such as
2+ Cl- and NH3, the electroreduction of Cu in water is characterised
by two well defined reduction steps, i.e. 2+ + + Cu to Cu and of Cu to
cu
0. 16, 17 Cu+ is stable in solutions containing these ligands and
th f t t b d P 1 d Sha�.1-· n16 haveere ore wo separa e waves are o serve . o cyn an 
shm,m that in alkaline ammonia-ammonium chloride solutions, the 
reductions E.7.1 and E.7.2 are both very fast at a mercury electrode. 
Indeed these reduct.ions serve as models for typical fast multistep 
charge transfer processes with K8, the standard heterogeneous rate
-2 -1 16constant of electrode transfer greater than 1.5 x 10 ms In 
order to study the kinetics of the electrode processes (E.7.1 and 
E.7.2) in AN/H20 mixtures, cyclic voltammetry (CV) of dilute Cuso4
solutions containing sulfuric acid and various proportions of AN at
platinum and glassy carbon (GC) electrodes has been applied. In 10, 
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30, 50 and 85 v/v % AN/H20, two well separated peaks for the
reductions E.7.1 and E.7.2 are observed. This is similar to the
+ observation in aqueous solutions containing other Cu stabilising 
1. d 16,17igan s. 




on platinum and glassy carbon electrodes 
It can be seen from table T.7.2 that the peak potential 
(Epc) for the reduction of cu2+ to Cu
+, becomes more anodic as the
concentration of AN is increased in water. This is consistent with 
0 the effect of the concentration of AN on the E cu2+;cu+ couple as
discussed in Chapter 4. The values from table T.7.2 also indicate 
that the EPc shifts cathodically as the scan rate is increased. 
Similarly EPc shifts cathodically on addition of 0.1 M K2so4 to
-3 solutions of 1.94 x 10 M Cuso4 in 30% AN/H20 - 0.3 M H2so4. The
18 variation of various diagnostic parameters, such as the cathodic
peak potential (EPc), the slope of the wave, as measured by the 
difference between the peak potential and the potential half way up
the wave (EPc-½), the separation.between the cathodic and anodic 
peak potentials (EPc-a), the ratio of the anodic peak current to the 
iPa cathode peak current (-;-p-) and the ratio of the peak current to the
l C 




-) can be used to deternnne
0 0 
the electrode kinetics.18 The variation of these diagnostic parameters
-1 with scan rate (O. 01- 0. 2 Vs ) for various AN/H20 mixtures can be
seen from table T.7.2 and in general can be summarised as follows for 
the Cu2+ to Cu+ reduction on Pt and GC electrodes.
iPc 
v12
constant within experimental errors which is the 








+ 0.1 M K2so4
Effect of acetonitrile (AN) on the electrochemical characteristics of the Cu2+/Cu+ couale in
sulfate media containing 0.3 M HzS04 at 25
° C, scan rates 0.01 to 0.2 vs-1 on Pt and GC electrodes.
Initial 
direction Electrode Scan rate EPc
c EPa C EPa-c 
of the CV 
-1
scan Vs mV mV mV
cathodic Pt 0.01 20 100 80 
0.02 15 105 90 
0.05 2 115 113 
0.10 -5 130 135 
0.20 -10 150 160 
cathodic Pt 0.01 -73 -14 59 
0.02 -75 -12 63 
0.05 -77 -10 67 
0.10 -80 -6 74 
0.20 -82 -2 80 
cathodic Pt 0.01 -127 -67 60 
0.02 -127 -67 60 
0.05 -127 -67 60 
0.10 -130 -62 68 
0.20 -132 -62 72 
cathodic Pt 0.01 -137 -77 60 
0.02 -138 -76 62 
0.05 -140 -72 68 
0 .10 -142 -68 74 
0.20 -142 -67 75 
e _04 iPa J. X --1 
- �
1 V 
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Table T.7.2 continued 
Initial 
Medium direction Electrode Scan rate EPcc EP C � a 
v/v $ AN/H20 of the CV -1 mV mV scan Vs 












85%b anodic Pt 0.01 35 105 
0.02 35 107 
0.05 30 105 
0.10 23 107 
0.20 15 110 
a. Containing 1.94 x 10-3 M CuS0
4
; 0.3 M H2S04.



























































































c. All potentials measured against a saturated Hg/Hg2 so4 electrode. Experimental uncertainty± 5 mV. EPc and
EPa are the peak potentials for the cathodic or anodic processes respectively. The EPc-½ and EPa-½ represent
the difference between the peak potential (cathodic or anodic) and the potential half way up the wave.
d. GC represents a glassy carbon electrode.





shifts slightly cathodically as the scan rate is 
i.. i.creased. 
increases (tends to be slightly more than 59 mV 




is unity for 10, 30 and 50% AN (within experimental 
errors). For 85% AN/H20, the value of this
parameter vari.es with the scan rate, i.e. as the 
scan rate is increased from 0.01 Vs-l to 0.2 Vs-1,
its value changes from 0.9 to 0.6. (For fast 
reversible electron transfer without kinetic 
complications the value of�!:= 1).18
-1(EPa-EPc) - is between 59 and 80 mV at 0.01 Vs and increases
with increasing scan rate. (For a fast reversible 
electron transfer EPa-EPc should be 58 mV and be 
'd d f ) lSin epen ent o scan rate. 
iPa The iPa values used for calculating the� parameter were
LC 
taken from the CV scans for which the reversal potentials were at 
least 150 mV past the cathodic peak (EPc). The scan was stopped at 
90 mV past the EPc and the current allowed to decay. This was taken 
11as the base line for the anodic portion of cyclic voltammogram. 
iPa The small variations from unity, for the parameter -:--p are due to thel. C 
uncertainties in detennining the base line for the anodic scan. The 
-1cathodic part of the CV, at slow scan rates (� 0.1 Vs ) follows a
reversible i-V profile in 30, 50 and 85% AN/H20 as is indicated by
the slope (EPc-½) of the cathodic wave = 59 ± 3 mV (table T.7.2). 
The cathodic wave for the reduction of cu2+ in 10 v/v % AN/H20 is
slightly more drawn out than expected for a reversible i-V profile, 
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-1e.g. at 0.1 Vs scan rate, = 67 mV compared to 59 ± 3 mV for 
30, 50 and 85% AN/H20.
The shape of the reverse (anodic) scan changes 
considerably as the concentration of AN is increased from 30 to 85% 
in AN/H20 mixture. The anodic i-V profile has more irreversible
character (more drawn out) than the corresponding cathodic wave. 
The influence of the AN concentration on the anodic portion of the­
CV is particularly marked in 85% AN/H20, e.g. EPa-½ = 57, 59 and 85 
in 30, 50 and 85 v/v % AN/H20 composition respectively at a scan
-1rate of 0.1 Vs . The EPa-·½ value in 10 v/v % AN/H20 at the same
-1scan rate, i.e. 0.1 Vs is 80 mV. Thus at this composition of the
solvent mixture, like the cathodic wave, the anodic wave is also 
drawn out and is contrary to what could be expected from the observed 
behaviour of the anodic wave in 30% and 50% AN/H20.
The diagnostic parameters suggest that the charge transfer 
2+ to Cu in 30, 50 and 85% AN/H20 is followed by a fast chemical
reaction and there is no slow chemical step prior to the electron 
18 transfer. Since a chemical reaction following an electron transfer
do.es not effect the charge transfer wave, the i-V profile for the 
2+ 18reduction of Cu has a reversi.ble shape in 30%, 50% and 8.5% AN/H
2
0. 
15 It has been pointed out earlier that according to Shain et al, the
. 1 d . f h C 
2
+ . . f d partia eaquation o t e u species is very -ast an is not the
2+rate limiting step in the electrore.duction of Cu in aqueous No
3 
and 
ClO� solutions. Similarly the reduction of Cu
2+ i.n Cl- media i.s 
known to involve no slow chemical step preceding the charge 
17 19 2+ transfer. ' In AN/H20 mixtures, the Cu ion is preferentially
+ solvated by water and the Cu ion by AN (Chapters 3 and 4). The
u + 
Cu (aq) species becomes increasingly destabilised and the Cu (AN)x
196 
species increasingly stabilized as the concentration of AN is 
increased in the AN/H
2
0 mixture. This is reflected in the values of 
2+ + llGtCu and llGtCu from H20 to AN/H20 mixtures (Chapter 4).
2+ 
Therefore the deaquation of the Cu (aq) species in AN/H20, prior to 
the electron transfer, may not be regarded as significant in 
determining the rate of the electrode reaction, just as is the case 
in the Cl- medium19 and in the aqueous acidic solutions15 of Cu 2+.





0)x by AN, following the electron
2+transfer to Cu (H20)x may be the fast chemical reaction which
18 follows the electron transfer. According to Shain et al a chemical
reaction following the cathodic charge transfer, significantly 
affects the anodic part of the CV polarogram. Therefore, an increase 
in the concentration of AN in the AN/H20 mixture, which increases
the stability of the Cu+(AN) species, should become increasingly 
X 
important in determining the shape of the anodic part of the CV scan. 
The effect should be more evident at higher concentrations of AN 
where the salvation shell of Cu+ is composed essentially of AN 
(Chapters 3 and 4). The fact that the anodic part has a drawn out 
profile compared to the normal reversible shape at high AN 
concentration, e.g. 85% AN/H
2
0, supports the mechanism of electron 
transfer followed by a fast chemical reaction for the reduction of 
cu2+. The following mechanism may be proposed for the reduction of 
cu2+ in 30, 50 and 85% AN/H
2
0. 
2+ fast Cu(H o/+ + (6-x)H 0Cu(H
2
0)6 2 X 2
Cu
2+(HzD)x 
rate limiting + + le -+ Cu (H20)x+ 
Cu+(H20)x + nAN 
fast + Cu (AN)n + xH20-<-
197 
Information on the chemical reaction following the 
electron transfer can be obtained by comparing the anodic portion of 
the CV with the theoretical curves developed by Nicholson and 
18 Shain. Since the reverse scan is also a function of the switching 
potential, the curves obtained in the experiments whose results are 
sho�m in table T.7.2 cannot be used directly to compare with the 
theroetical curves. In order to make this comparison possible, CV 
-3 + 2-scans were run on a 4 x 10 M Cu solution as so4







0 solvent mixture, initiating the scans in the anodic 
direction. These results are also shown in table T.7.2. As expected 
the diagnostic criteria when applied to these results suggest a 
prechemical step before the electron transfer. This chemical step, 
in accordance with the previous discussion, is expected to be the 
removal of AN from the salvation shell of the Cu+ ion at the 
electrode surface (desolvation) prior to the electron transfer. The 
anodic i-V profile at 0.1 V/sec gives best fit with the theoretical 
18 fa nFv curve at-- =LO (see figureF.7.1) (E.7.4)where a = RT ,Kit 
n = number of electrons involved in the charge transfer, 
F = Faraday constant, ·v = scan rate (V/sec), R gas constant, 
T = temp. (K 0) and K is the equilibrium constant of the chemical 
reaction. l = Kf + Kb where Kf and Kb are the rate constants for
the forward and the backward chemical reaction respectively. 
Substituting the value of la at 0.1 V/sec in E.7.4 gives E.7.5. 
K/l = 1.97 ... E.7.5 
20 + Manahan has reported the stability constants for Cu 
complexes with AN in aqueous medium to be log s
2 
= 3.9, log s
3 
= 4.1.
Assuming that in 85% AN/H20, the Cu
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Figure F.7.1: Cyclic voltarmnogram in 
+400
-100




AN/H20 containing 0.3 M H2so4
on a Pt electrode. 
Auxilary electrode: platinum, Reference electrode: Hg/Hg2S04 (saturated), Scan rate: 0.1 vs-
1.
Points (x--x) theory; line experimental. The theoretical points from Nicholson's theoretical curve 
(reference 18) for a chemical reaction preceding a reversible charge transfer with /a = 1.0. 





3, the equilibrium constant for the chemical reaction
following the electron transfer of the reduction process Le. 
log K = 4.1 or the equilibrium constant for the chemical 
cathodic 
199 
reaction preceding the anodic electron transfer Le. log K 
d. 
= -4 .1. 
ano ic 
Using this value of Kin equation E.7.5, l is found to be 
8 -1
6 x 10 sec . This calculated value of l is typical of rates of 
2+ + + 
ligand exchange on many cations such as Cu ., Na , K, etc. in 
d
. 21 
aqueous me ium. However, it must be pointed out that the 
Manahan's value of .log s
3 
is for dilute solutions of AN in water 
and will not be strictly applicable at high concentrations of AN in 
AN/H20. Therefore the value of l calculated by using this value of
s
3 
is only a rough estimate (a change of± 0.5 log units in the 
value of s
3 





reduction behaviour in 10% AN/H20 is not
compatible with the observations in 30% and 50% AN/H
2
0. The CV
scans on the background AN/H20 mixtures (10%, 30%, 50%, 85%)
containing 0.3 M H2so4 
on Pt show scan rate dependent reduction.­
oxidation peaks, in the region EPc � -150 mV and EPa � -40 mV, both 
vs Hg/Hg2so4. Typical scans for the 30% AN/H20 mixture are shown
in figure F.7.2. Similar effects on a GC electrode are also 
observable, although the peaks are less defined than on Pt because of 
large charging currents observed for the GC electrode. Similar to 
22 
this observation, Conway et al earlier found that pure anhydrous 
AN is electrochemically i.nactive, except at extreme anodic and 
cathodic potentials, whereas in aqueous acidic medium, AN is 
chemisorbed on a Pt electrode at about +140 mV vs Hg/Hg2so4 
and then
sets up a more or less reversible redox system in the double layer 
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Figure F.7.2: Cyclic voltammograms in 30 v/v % AN/H
2
0, 0.3 M H2so4 on a Pt electrode at various scan rates.







AN. If the scan is carried past this region in the cathodic 
direction another reduction peak in the H
2 
evolution region 




) is observed. On the basis of their
investigations Conway et al have proposed a two--step electron 
transfer mechanism for the reduction of chemisorbed AN on a Pt 












H CH3 \ I 
H+ + leC /CH3II __),. H-·CN. �- �N-H 1/ ·, slow 
Pt PtPt PtPtPt 
II 
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The first electron transfer is a fast reversible process whereas the 
second is relatively slow. Since the reduction of cu2+ in 30%, 50%
and 85% AN/H
2
0 occurs at potentials well anodic of the first 
electroreductj_on of the chemisorbed AN on a Pt electrode, the cu2+
reduction wave is little affected by the electroreduction of AN 
forming an adsorbed layer on the Pt surface. A cathodic scan on a 
-3 








shows two well separated
reduction peaks (figure F.7.3), the first main wave (I) for the
2+ reduction of Cu and the second small shoulder (II) for the 
reduction of the· chemisorbed AN. The reduction of cu2+ in 10 v/v %
AN/H
2
0 occurs cathodic of the first reduction potential of AN on a 
Pt electrode, therefore, its characteristics are affected by the 
surface condition of the Pt electrode. According to the mechanism 
22proposed by Conway et al the AN-reduced product remains on the 
electrode surface and is further reduced in a second slow electron 
transfer at much higher negative potential. Thus the divergence of 
the reduction behaviour of cu2+ on Pt in 10% AN/H
2
0 from that in 30% 
















--,. mv vs. Hg/Hgi504
Cyclic voltammogram in 1.94 x 10-J M 
Cuso4, 85% AN/H20, 0.3 M H2so4 o
n a
Pt electrode. 
Auxilary electrode: platinum 
Reference electrode: Hg/Hg?SO, (satd) 
-1
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Estimation of the standard heterogeneous rate constant 







for redox reactions where the
oxidised and the reduced species both are soluble in solution or in 
the electrode material, the separation in anodic and cathodic peak 
potentials (L\Ep) of a cyclic volta.mmogram has a correlation with a 
function� given by E.7.6 
1 1 1 1,,. 
�72( I )-'i-'2 1T !Jo nF RT V 
..• E. 7 .6 
where vis the square root of the ratio of the diffusion coefficients 
of the oxidised (D0) and the reduced species (DR) in solution or
amalgam, a, the transfer cofficient and v, the scan rate,other 
symbols have their usual meaning. The variation of L\Ep with� can be 
obtained from the Nicholson's data.12 It has also been shown by
Nicholson that a can be taken to be 0.5 as its variation has little 
effect on L\Ep. The D Cu
2+ 
and D Cu+ values in various AN/H20 mixtures0 0 
are known (table T.7.1), therefore, the experimental L\Ep values can 
be used to estimate k via the Nicholson's relationship E.7.6. Thiss 
method has been used to calculate k values in various AN/H20 mixtures. s 
on the Pt and GC electrodes and the values are shown i.n table T.7.3. 
Typical values for other redox systems are also shown for comparison. 
The results of table T.7.3 indicate that the order for the 
2+ + rates of electron transfer for the Cu /Cu couple in various AN/H
2
0 
mixtures is 30% > 50% > 10% > 85% and the rate of electron transfer 
on Pt is about 10 times faster than on glassy carbon in 30% AN/H
2
0 
mixtures. The effect of the concentration of AN on the rate of 
electron transfer is as anticipated from the expected extent of the 
! ! I I 
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Table T.7.3: Values of the standard heterogeneous rate constant of 
electron transfer (K ) for 
s 
various redox couples in 
different media at 25° C. 
Couple Electrode Medium Ks 
ms-1 
Cu2+/Cu+ Pt 85% AN/H20 0.3 M H2so4 3.5 X 10 
_5a
50% AN/HzO 0.3 M HzS04 18.3 X 10 
-sa
30% AN/H20 0.3 M H2so4 31.0 X 10 
_5a 
10% AN/HzO 0.3 M HzS04 16.5 X 10 
-Sa
GC 30% AN/HzO 0.3 M HzS04 3.1 X 10 
-sa
Hg Aq. 1 M NH4CLNH40H > 1.5 X 10 
_z
b
Fe3+/Fe2+ Pt Aq. 0.45 M H2so4 7.0 X 10
_5c 
GC Aq. 0.45 M H2so4 0.9 X l0
_5d 
3-Fe(CN)6 / Pt Aq. 0.5 M K2so4 13.0 X 10 
_4e 
Fe(CN)�- GC Aq. 0.5 M K2so4 2.5 x 10
_4d 
ce4+;ce2+ Pt 1 M H2so4 3.7 X 10 
-6
f
GC 1 M H2so4 0.5 X 10 
-6
d
Cu+/CuO Hg 30% AN/H20, pH 1.9, 5.2 
_4a 
X 10 
0.1 M Et4NC104 -48Hg 85% AN/H20, 0.3 M H2so4 l.lx 10
a. This work. See text.
b. Reference 16.
c. Angell, D.H. and Dickinson, T., J. Electroanal. Chem., 12, 55
(1972).
d. Taylor, R.J. and Humffray, A.A., J. Electroanal. Chem., 42, 347
(1973).
e. Randles, J.E.B. and Somerton, K.W., Trans. Faraday Soc., 48,
937 (1952).
f. Galus, Z. and Adams, R.N., J. Phys. Chem., 67, 866 (1963).
i I 
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chemisorbed AN on the surface of the electrode, which is thought to 
be proportional to the concentration of AN in the solvent mixture. 
The result for the 10% AN/H
2
0 is ambiguous due to the reasons 
discussed earlier, i.e. due to the electroreduction of the 
chemisorbed AN on Pt. The observation that the rate of electron 
2+ + 
transfer on GC is about 10 times slower than on Pt for the Cu /Cu 
couple is not unusual, e.g. the values of other couples shown in 
table T.7.3 also indicate that the electron transfer is usually 
slower on GC than on Pt. It may also be seen from table T.7.3 that 
2+ + 
the electrochemical rate constant for the Cu /Cu couple in 30 v/v
3+ 2+ 
% AN/H20 is about four times faster than for the Fe /Fe couple in 




















water on both Pt and GC. These comparisons are of importance because 
Fe
3+ 
as sulfate is widely used as an oxidant in many corrosion
8 
processes, including the leaching of copper and other sulfides. 
8 9 2+ 
Parker et al' have proposed that Cu as sulfate in AN/H
2
0 can be 
3+ 2- I 
used in place of Fe as so
4 
in water as an oxidant for metal 
sulfides and for metals. The fact that the kinetics of electron 
2+ +











0 may be a better oxidant
3+ 2+ 
than the conventional aq. Fe /Fe couple in a situation where 
electron transfer (table T.7.3) or diffusion (table T.7.1) control
the rate and where the metal or metal sulfide surface follows the 
trend of Pt or GC. 
7.3.2.2 Reduction of Cu
+ 
to cu0 on mercury, platinum and
glassy carbon electrodes 
206 
Cyclic voltammetry of dilute Cu(I)S0
4 solutions containing
sulfuric acid and various proportions of AN (30-85%) on Pt, GC
and Hg electrodes has been used to study the electrode kinetics of 
+ 0the Cu /Cu couple. The results are shown in table T.7.4 and can be
discussed as follows.
7.3.2.2.1 On a Hg electrode 
The results of the CV scans on a hanging drop mercury 
electrode (HDME) in 30 and 85% AN/H20 indicate that the EPc (Cu
+ to
cu0) is independent of the scan rate variation in the range 0. 01-0.1
Vs -l and EPc
-
½ = 59 ± 3 mV which are indicative of the reversible 
nature of the cathodic wave in these solvents.
18 The EPa-c values in
85% AN/H
20 are higher than in 3 0% AN/H2
0 . This suggests that the
rate of electron transfer, in 30 v/v % AN/H20 is faster than in 85%
12 
By usi.ng Nicholson's method, · based on the anodic and 
cathodic peak separation values at different scan rates, the k valuess 
are estimated to be 1.1 x 10-4 ms-
l 
and 5.2 x 10-
4 ms-
l 
in 85% and 30%
AN/H20 respectively.
iPc 
The -c-· function is essentially independent of 
v�2 
the scan rate for 3 0% AN, whereas it tends to decrease for 85% AN, as 
the scan rate is increased (table T.7.4). This parameter suggests 
that in 30% AN, the electron transfer is either free of any 
prechemical step or the kinetics of this step are so fast that it is 
not rate limiting,
18 
whereas in 85% AN there is a prechemical step 
which tends to become kinetically important at high scan rates. 
However, further information on the chemical step cannot be obtained 
from the available data. This is because the reduction of Cu
+ 
on
HDME involes amalgam formation which effects the shapes of the 
I I 
Table T.7.4: Experimental results for the reduction of Cu+ to cu0 on Pt, HDMEa and GCb electrodes in 30 v/v % 
and 85 v/v % AN/H20 at 25
°C in sulfate media.
Initial d e d e f e g Exptal . . Scan EPc ' EPa' EPa-c. EPc�½ Exptal Theoretical iPc 
d. direction d ·p . --Me ium f h Electro e rate :L c 1Pc ½0 t e 
1 106 106
V 






P P v½ -½s 
85% AN/Hz0, 0.3 M Hzso4 cathodic lIDME
a 
0.02 -887 -807 80 61 10.7 - 7.6 x 10
-S
0 .05 -887 -805 82 60 16.2 - 7.2 X 10-5
2.11 x 10-3 M Cu+ as S01- 0.10 -888 -800 88 62 21.8 - 6.9 X 10-5
0.20 -888 -792 96 63 28.7 - 6.4 X 10-S
a -430% AN/H20, 0.1 M cathodic HDME 0.01 -692 -624 68 60 18.0 - 1.8 x 10 
Et4NCl04, pH 1.9 Z- 0. 02 -692 -627 65 58 22.6 - 1.6 x 10
-4
6.97 x 10-3 M cu+ as so4 0. 05 -692 -627 66 58 38.0 - 1.7 x 10
-4
0.10 -690 -624 66 60 53.8 - 1.7 X 10-4
30% AN/Hz0, 0 .1 M cathodic Pt 0.01 -742 -592 _ c 13 150 210 1.50 x 10-3
Et4NCl04, pH 1.9 0.02 -747 -587 _
c 15 200 300 1.41 x 10-3
6.97 x 10-3 M cu+ as so�- 0.05 -754 -587 _c 17 304 480 1.36 x 10-3
0.10 -760 -587 _ C 20 425 680 1.35 X lQ-3
b c -430% AN/Hz0, 0.1 M cathodic GC 0.01 -772 -592 - 15 66 74 4.6 x 10
Et4NCl04, pH 1.9 0.02 -782 -590 _
c 18 88 104 5.3 x 10-4 
6.97 X lQ-3 M Cu+ as SO�- 0. 05 -797 -590 _C 22 117.5 165 6.2 X 10-4 
0.10 -812 -587 _C 25 145 233 6.6 X 10-4 
a. Hanging drop mercury electrode.
b. Glassy carbon.
c. This analysis not applicable in determining the rate of electron transfer. 
d. Potentials measured and expressed against Hg/Hgry S04 
(satd) reference electrode.
N 
e. See footnote c, table T.7.2. 
� 
8 
£. See footnote e, table T.7.2. 
g. For the method of calculation see text.
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23 
cathodic and anodic waves. The effect of amalgamation is quite 
small on the cathodic portion of the cyclic voltammogram but it is 
significantly large on the anodic portion of the wave. The anodic 
portion of the CV scan in AN/H20 mixtures tends to differ
considerably from the reversible behaviour, especially at low scan 
rates (see figure F.7.4). This effect of amalgamation has been 
rationalised theoretically by Beyerlein and Nicholson
23 who have
h h d 1 . h 
iPa . 
1 1 d s own t at ue to ama gamation t e parameter -:--p 1s a ways > an l C 
therefore it cannot be used to obtain kinetic information on the 
chemical reaction, coupled to the electron transfer. 
7.3.2.2.2 On Pt and GC electrodes 
Due to the ability of Hg to form an amalgam with copper, the 
+ 
theoretical treatment for the reduction of Cu on Hg is quite 
different from that on Pt and GC, e.g. due to the amalgamation process, 
+ the reduction of M usually occurs at more anodic potentials on Hg
0 24 25 
than the potentials determined from the standard E values. '
For reversible, fast electron tr�nsfer, the EPc on a Hg electrode is 
i d  d f h i f h 1 . . 18n epen ent o: t e concentrat on o t e e ectroactive species. 
However, in the case of other solid stationary electrodes, the EPc 
for metal deposition is a function of the concentration of the 
electroactive species, ilie E
0 
and various other overpotentials such 




26 have shown that theoretically the EPc for the cathodic 
deposition of a metal on a non-alloy forming solid electrode can be 
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0, 0.3 M H2so4
on a hanging 
mercury drop electrode at various scan 
rates. 
















] is the concentration of the electroactive ion, M+. R, T, n and
F have their usual meanings. Due to the presence of other 
overpotentials, the reduction usually occurs at more cathodic 
0 potentials than calculated from the equation E.7.7, e.g. the E for 
+ 0 2-
the Cu /Cu couple as so
4 
in 30% AN containing 0.1 M Et
4
NC10Li'
Ph 1.9 is -488 mV vs Hg/Hg2so4. Therefore, theoretically, as
-3 + calculated from equation E.7.6 for a 6.97 x 10 M Cu solution, the 
EPc should appear at -637 mV vs Hg/Hg2so4. The results of table T.7.4
+ 
indicate that experimentally EPc(Cu) on a Pt electrode is at about 
::::: -750 mV and on a GC electrode at about � -790 mV. Thus the actual 
EPc on Pt is about 115 mV and on GC about 150 mV more cathodic than 
the theoretical value. Thus the overpotentials for the copper 
deposition on Pt and GC are quite high. Some of this overpotential is 
the crystallization overpotential, whereas the rest results from the 
adsorption of AN on the electrode surface. 
Mamantov et a1
27 
have shown that for a fast reversible
deposition of a metal at a solid electrode (no alloy formation) by 
linear sweep voltammetry, the slope of the plot of log {iP-i) vs E in 
nF
the approximate current range 0.5 to 0.9 iP should be 2.2 x RT=
86 V-l and the EPc-½ should be 0.020 V. (iP is the peak current and 
i the current at any particular potential.) Such plots for the 
reduction of a 6. 97 x 10--
3 
M Cu+ as soz- solution in 30% AN/H
2
0,
0.1 M Et4NC104, pH 1.9 on Pt and GC electrodes are shown in
figure F.7.5. It can be seen from these plots that the slope of 
-1 log (iP-i) vs Vis 91 V for Pt electrode, whereas for GC, the
-1 slope is 70.3 V . EPc-½ values for Pt and GC electrodes are 0.020 V
and 
-1
0.025 V respectively at 0.1 Vs scan rate. These values





o--o on glassy carbon 
22
�� 
slope =70-3 v1 
2-1 
2-0
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Applied potential E vs. Hg/Hg2S04 (mv)�
Figure F.7.5: Plots of log (ip-i) vs voltage (E) in the range 0.5 to 0.9 ip for the electrodeposition of Cu
O 
from 6.97 x 10-3 M Cu+ as soi- in 30 v/v % AN/H20, 0.1 M Et4Nc104, pH 1.9 on platinum (Pt) and






deposition suggest that the Cu deposition on Pt in 30 v/v % AN/H
2
0 
has fast reversible characteristics whereas on GC it tends to 
deviate from the fast reversible behaviour. Table T.7.4 shows that 
an increase in scan rate shifts the EPc (copper deposition) 
iPc 
cathodically and reduces the magnitude of the --
1 
parameter. The 
effect of scan rate on EPc and 
iPc 
is greater for GC than for Pt. 
v½ 
Theoretically, iPc for a reversible metal deposition can be 











the area of the electrode 
the bulk concentration of 









The area A for the Pt and the GC electrodes as evaluated from the 
k 
analysis of the it 2 data for the linear diffusion of potassium hexa-
2 2 cyanaferrate(II) was 0.2288 cm and 0.0784 cm respectively. Using 
the values of D0 from table T.7.1 and c0 = 6.97 x 10-
3 
M, the 
theoretical iPc values have been calculated from the relationship 
E.7.8 and the results are sho,m in table T.7.4. The values from this
table suggest that the experimental iPc is lower than the theoretical 
iPc at all the scan rates for both the electrodes and tends to 
approach the theoretical value at slow scan rates. This may be due 
to the extent of the AN adsorption on the electrode surface or may be 
that at faster scan rates, solvent sorting occurs, i.e. the Cu
+ 
brings AN to the electrode surface and the high local concentration 
of AN is responsible for the observed results. However, it must be 
pointed out that the iPc· calculation via Delahays relationship E.7.8 
1 ! 
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is not strictly applicable because this relationship assumes that the 
activity of the deposited metal remains unity throughout the 
26 
deposition which has been shown by Berzins and Delahay, and 
27 
Mamantov to be not strictly valid as layers of metal deposition 
develop on an electrode surface. Also, as the metal deposition 
proceeds the area of the electrode does not remain constant. Thus 
due to the uncertainties in the theoretical calculation for iPc, it 
is not possible to quantify the effect of AN adsorption or the 
solvent sorting effect on the electrode surface. However, it is an 
established fact that the adsorption of organic molecules on the 
electrode surface reduces the peak current, e.g. the reduction of 
peak height in the presence of organic suppressors in voltammetry is 
28 
a well known phenomenon. This suggests that the cathodic shift of 
+ 0 iPc 
EPc(Cu /Cu) and the decrease of -1- parameter with increasing scan 
v� 
rate may also be related to the adsorption of AN on the electrode 
surface. The adsorption of AN on GC may be higher than on Pt, 
f h i f h d 
iPc 
i h there ore, t e variat on o t e EPc an --1 parameters w t scan rate 
v� 
is greater for GC than for Pt. The shift in EPc with scan rate could 
also be a function of the change in the copper morphology in the 
presence of the organic inhibitor (AN in this case). At slow scan 
rates, the copper layer builds up in layers with a preferred 
orientation. It is assumed that the layers develop by two dimensional 
nucleation and growth. At fast scan rates, the nucleation and growth 
cannot keep pace with the changing potential and the deposits change 
f f d 
l , , 28 
ram ine graine to a coarse aeposition. 
The anodic peak for the dissolution of cu
0 
from the Pt and




and is independent of the scan rate. The anodic peak current is 
much higher than the cathodic current and is in accord with the 
214 
results of the theoretical analysis of the anodic region for metal 
deposition and dissolution on an inert solid electrode by White and 
Lawson�25' 29 The parameter (EPa-c) cannot be used
to estimate values of K unlike the case of an amalgam formings 
mercury electrode. 
The E0 cu+ /CuO in 85% AN/H20 is -715 mV vs H
g/Hg2so L
•
Therefore, theoretically the EPc for the reduction of Cu+ on a solid
-3 + electrode in a 2 x 10 M Cu 85% AN/H
2
0 (calculated from the





the EPc is expected to appear at more cathodic potentials than 




due to the existence of various overpotentials. 24
Since is unstable in neutral solutions, the reduction of Cu+ has
to be done in an acidic medium. However, the overpotential of H2
evolution on Pt and GC is negligible, therefore, the hydrogen 
evolution potential on Pt or GC electrode will be dependent only on 
+ -3 + 
the activity of the H ion in solution. Thus in a 2 x 10 M Cu -
+ 85% AN/H20, 0.01 M n2soL¼ 
solution, assuming the activity of the H
ion aw= [H2
so4], the hydrogen evolution should occur at -774 mV vs
Hg/Hg2so4
. Due to the preferential solvation effects the activity of
H+ in .AN/H20 will be very much different from the formal acid
concentration and the hydrogen evolution is expected to occur at 
anodic to the value calculated above. 30, 31 Experimentally
it has been observed that in this solution, hydrogen evolution is 
observed at -700 and -750 mV both vs Hg/Hg2so4 
at Pt and GC
respectively. -3 . + As a linear potential sweep is applied to 2 x 10 M Cu 
in 85% AN/H20 0.01 M H2so4
, no cu+ reduction peak is observed before
the hydrogen evolution. This theoretical and experimental analysis 
indicates that the electroreduction of Cu
+ 
in acidic, 85% AN/H20
solutions occurs at potentials cathodic of the hydrogen evolution 
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potential and therefore the CV technique cannot be used to study the 




couple on Pt and GC electrodes in
acidic 85% AN/H
2
0 solution. However, the overpotential of the 
hydrogen evolution is quite high on Hg,
24 
therefore, well defined CV 
+ 
reduction and oxidation peaks for the reduction of Cu and 
0 
oxidation of Cu respectively were observed when the scans were run 
-3 + 2-
on 2.11 x 10 M Cu as so
4




solution in the 
range -550 to -1200 mV vs Hg/Hg
2
so4. No hydrogen evolution was





couple in 85% AN using CV were possible only on a mercury
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CHAPTER 8 




IONS IN ACETONITRILE-WATER MIXTURES TO ELECTROCHEMICAL BATTERIES 
8.1 INTRODUCTION 
In Chapter 6 it has been shown that due to the 
preferential salvation of Cu
+ 





equilibrium E.8.1 lies to the right in the presence of AN and to the 
•.. E.8.1 
left in its absenceo The extent to which this equilibrium lies to 
the right depends on the concentration of AN in AN/H
2
0, e.g. values 
from Chapter 6 indicate that K for equilibrium E.8.1 in water is 
-6 -1 6 -1 23 -1
10 mol 1 in 10% AN/H20, 10 mol 1 and in pure AN 10 moll • 
Thus this equilibrium can be carried back and forth by controlling 
the concentration of AN. Reaction E.8.1 is a redox reaction 
consisting of half cell reactions E.8.2 and E.8.3. 
0 + 
Cu - le "t:- Cu
E.8.2
E.8.3
Thus reaction E.8.1 could be used as a source of electrical energy 
if the half cell reactions, E.8.2 and E.8.3, are connected through an 
external circuit in an electrochemical cell. A secondary battery 




as perchlorates in pure 
AN has been developed by Kratochvil et al.
1 
The problem with pure 
AN is that very few other copper(II) electrolytes are sufficiently 
soluble to give solutions of practical use in batteries. Besides, 
the conductances of electrolyte solutions in non-aqueous AN are much 
---- - -- - - cc. --=- --c-- -------:--------,----�=--�---
2 lower than in aqueous solutions. This results in large internal 
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ohmic losses in AN based batteries, despite the very low viscosity 
of this solvent. 
The electrochemical batteries based on the half cell 
reactions E.8.2 and E.8.3 in AN/H20 mixtures will have advantages
over pure AN in that cu2
+ 
salt solutions of higher concentrations
are possible and the electrolyte solutions i.n AN/H20 have higher
conductances than in pure AN (Chapter 3). However, the open circuit 
voltages (OCV) of AN/H20 based batteries will be lower than the
AN-based battery. For example, the values of OCV as calculated from 
the E0 cu2+/Cu+ and E° Ct//cu0 couples in AN/H20 mixtures (Chapter 4)
2+ + + 0 for a battery consisting of Pt/Cu , Cu (1 M)//Cu (1 M)/Cu are 
0.46 Vin 30 v/v % AN/H
2
0 and 1.2 Vin AN. Since higher 
concentrations of electrolytes and higher conductances are possible 
in AN/H20, there are_ lower internal iR drops in AN/H20 than in AN.
Moreover, it has been shown in Chapter 7 that the cu2+/Cu+ and Cu+/cu0 
couples behave as fast reversible couples in AN/H20 containing
moderate concentrations of AN (3,0 - 80 v/v % AN), therefore, the 
AN/H20 based rechargable battery is worthy of study.
Since equilibrium E.8.1 depends on the concentration of AN, 
a battery based on reaction E.8.1 in AN/H20 can be discharged in high
concentrations of AN, in order to achieve higher OCV. After 
discharge it can be recharged by any of the following ways: 
i. reversing equilibrium E.8.1 by distilling off AN from the
discharged battery. Since AN is a low boiling solvent (boiling
point 81 ° C), it can be distilled using solar energy.
ii. by distilling AN from the discharged cell to a level that there
+ is barely enough AN left in the cell to keep Cu in a stable
I I 
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state, i.e. maintaining Cu+:AN ratio 1:3, and then applying a 
low voltage to recharge, i.e. reverse reaction E.8.1. Since 
+ the stability of Cu in solvent mixtures containing small 
concentrations of AN is low (Chapter 4), lower amounts of 
electrical energy will be required to charge the battery to the 
original level than the electrical energy obtained during 
discharge of the battery. 
3 The Parker process for refining crude copper involves 
equilibrium E.8.1, i.e. the crude cu0 is dissolved in a cu2+/AN/H20 
solution through the forward reaction of equilibrium E.8.1 and then 
+ the pure copper is precipitated from the Cu /AN/H
2
0 solution by
thermal disproportionation, i.e. via the backward reaction of 
equilibrium E.8.1. If the dissolution of the crude cu0 metal in 
cu2+/AN/H
2
0 is carried out in two separate half cells, the copper 
refinery would effectively become a giant battery. For example, a 
typical refining circuit using 30 v/v % AN with an annual throughput 
of 10 5 tonnes of Cu could theoretically produce 6 x 101° K Joules of 
energy at 0.4 V assuming 100% electrochemical efficiency. Allowing 
for a more realistic 60% electrochemical efficiency results in an 
10 annual output of ca. 3.6 x 10 K Joules of electrical energy, i.e. 
1.0 x 107 kWhr worth (at 3 C/kWhr) ca. $300,000. This electrical 
power would be a valuable by-product of the copper refinery process. 
Alternatively, the copper dissolution in the Parker 
process3 could be used as a means of generating electricity and the 
'battery' then charged using solar energy to distil acetonitrile and 
+ effect the disproportionation of the concentrated Cu solution 
produced during discharge. This application has been examined by 
AMDEL,4 an Australian research and development group, who have
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calculated the solar collector areas and other variables required 
for operating a one megawatt per day capacity solar energy converter. 
AMDEL4 have shown that the Parker process,3 as a means of converting
solar energy into electrical energy, has a conversion efficiency of 
only 1.8%. A more recent calculation by Parker,5 based on a
greater experimental cell voltage and various improvements in 
technology, suggest that an efficiency of 13% would not be 
unreasonable. This value compares favourably to the efficiencies of 
photovoltaic cells which have conversion efficiencies of 10 - 15%.6
The above theoretical calculations suggest that a cu2+/cu0 ; 
Cu+/AN/H20 battery as an extension to the Parker process could be a
viable proposition. Hence it is necessary to undertake exploratory 
work to establish the charge/discharge behaviour of an actual 
cu2+/cu0 /cu+/AN/H20 battery.
8.2 EXPERIMENTAL 
Two different cell configurations, cell C.8.1 and eel� 
C.8.2 , as shown in figures F.8.1 and F.8.2 respectively, were
investigated. In cell C.8.1, the anode and the cathode compartments 
were separated from each other with a low resistance Ionics Inc. 
AR-103-QZL-386 Modacrylic anion exchange membrane. The anion 
exchange membrane prevented the internal discharge of the cell C.8.1 
through the migration of cu2+ ions to the anode compartment. The
2 electrodes were rectangular plates of area 3 cm placed as close to
the membrane as possible (ca. 0.5 cm apart). The electrolytes used 
in the two compartments of the cell C.8.1 are as shown in figure F.8.1. 
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cell by an anion exchange membrane (cell C.8.1). 
(ToS = p-toluenesulphonate) 
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half cell is separated from the Pt/Cu , Cu half 
cell by a porous separator (cell C.8.2). 
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current of 10 mA/cm using a glavanostat. The cut off voltage for 
the discharge cycle was taken to be 200 mV. The charging cycle was 
terminated when the cell had reached an open circuit voltage (OCV) of 
560 mV. Charging of cell C.8.1 with simultaneous distillation of AN 
was carried out as follows: The dischargErl battery was heated to 
50 °C and a mild vacuum applied, sufficient to maintain slow 
distillation of AN/H
2
0 azeotrope. Distillation was continued until 
the Cu
+ 
solution reached its disproportionation limit as indicated
by monitoring the potential of a copper wire electrode against a Pt 
electrode, both placed in the anode compartment. It was noticed in 




0 is at its 
disproportionation limit when the potential of Cu vs Pt is ca. zero, 
+ 2+ + 
i.e.ECu/Cu = E Pt/Cu , Cu . A constant charging current of
2 
10 mA/cm was applied at this stage and the slow distillation 
continued. The potential across the working electrodes of the cell 
C.8.1 was monitored throughout the charge/discharge cycle using a
Hewlett Packard voltmeter connected to a Rikadenki chart recorder. 
A cellulose type porous separator in the form of a soxhlet 
extraction thimble was used in cell C.8.2. The format of the cell 
C.8.2 consisted of a closely fitting copper tube or rod of surface
2 
area 20 cm placed inside the thimble and a Pt gauze electrode 
wrapped around the outside of the thimble. Chemical dissolution of 
the copper electrode was minimised by keeping the cell under load 
with the copper electrode as anode when immersed in the electrolyte. 
A number of parameters such as the temperature, stirring, solvent 
composition and anion type were examined. The discharge characteristics 
of cell C.8.2 were observed by monitoring the current-voltage (i-V) 
characteristics by discharging through a constant external load of 
! I 
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1 ohm. The electrochemical efficiencies were determined by noting 
the weight change of the anode during the discharge and by measuring 
the total current flowing through the circuit during the experiment 
by using a coulometer placed in the circuit. 
8.3 RESULTS AND DISCUSSION 
Constant current (10 mA/cm2) charge/discharge cycling 
behaviour of cell C.8.1 at room temperature is shown in figure F.8.3. 
The results of the galvanostatic charging (10 mA/cm2) of cell C.8.1 
with simultaneous distillation of AN is also shown in figure F.8.3. 
cu2+(TOS-)
2 
(TOS = p-toluenesulphonate) was preferred to Cuso4 as
the electrolyte for cell C.8.1 because of its higher solubility in 
AN/H
2
0 (� 1 M). The OCV of the fully charged cell in 50% v/v AN/H20
was 560 mV but on 10 mA/cm2 constant current discharge, the voltage 
of the cell dropped immediately to 400 mV and continued to decrease 
gradually with time (figure F.8.3). After one hour, the voltage 
reached 200 mV which was used as the cut off point. The voltage of 
the cell during the first five minutes of discharge of the cell was 
ca. 7 ohm. 2The initial charging voltage, at 10 mA/cm was 875 mV 
and this tended to increase with time. Figure F.8.3 also shows that 
the cell polarisation (charging voltage minus discharging voltage) 
was about 475 mV. The OCV of the cell was 560 mV, thus if there were 
no overpotentials except the internal resistance, the charging 
vqltage of the cell should have been 770 mV, i.e. 560 + iR (voltage 
2 drop in forcing 10 mA/cm current through 7 ohm internal resistance).
Since the actual charging voltage was 875 mV, it may be concluded 
that cell C.8.1 had ca. 105 mV charge transfer overpotential, in 









Charge without di stilation 
Charge with AN distilation 
Discharge 
Figure F.8.3: 
Voltage vs time plot for the 
charge and discharge of cell 
C.8.1 under constant current
conditions (10 mA/cm2 ) OCV
of the fully charged cell= 
560 mV. 
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cell. This is consistent with the results obtained for the 
electrodeposition of Cu metal on a Pt electrode in AN/H
2
0 (Chapter 7). 
Figure F.8.3 also suggests that the charging of the cell 
under simultaneous distillation of AN requires much lower potential 
than the 875 mV for charging without distillation at the same 
charging current density. It may, however, be noted that even though 
a significant amount of charging energy is saved by charging the cell 
under simultaneous distillation of AN, the internal resistance of 
the cell arising from the membrane is such that much of the energy 
advantage is lost in overcoming the iR drop within the cell. A total 
of� 420 mV is lost in overcoming the cell resistance during a 
2 
charge/discharge cycle at a constant current density of 10 mA/cm . 
It is therefore apparent that the perforn1ance of this cell as a 
secondary battery is limited by its high internal resistance. Thus 
separators of much lower resistance than the anion exchange membrane 
will be needed if this battery is to be of any practical use. 
In order to reduce the internal resistance, cell C.8.2 was 
tried, where a porous separator (soxhlet extraction thimble) was 
used in place of the ion exchange membrane. This arrangement 
reduced the internal resistance significantly, e.g. the internal 
resistance of a typical cell C.8.2 was ca. 0.2 ohm. However, due to 
the direct contact of the copper anode with cu
2+ 
which could diffuse
through the separator, low electrochemical efficiencies were 
encountered. The efficiencies were improved by choosing anodes of 
dimensions which could fit tightly into the thimble and keeping the 
cell under load (with cu
0 
as the anode) when immersed in the
electrolyte. Efficiencies as high as ca. 80% (table T.8.1) could be 
obtained. The effect of other parameters, such as the solvent 
! I 
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Table T.8.1: Electrochemical efficiencies of various battery 
systems. M / cu
2+cu+ /Cu+ / cu0 (M = Pt, Ti, C)
System e Temp. Stirring Separator Efficiency 
oc 
30% AN/Cuso4 Ti/Cu 50 
30% AN/CuToSf C/Cu 50 
30% AN/CuToSf C/Cu 50 
50% AN/CuC12 Pt/Cu 20 
50% AN/CuC12 Pt/Cu 20 
CuC12/cacl2/H20 Pt/Cu 50 
lM 2M 
















thimblec , d 
. 
C d thimble ' 
Soxhlet thimblec, d 









b. Cu electrode painted on side facing away from Pt to prevent
chemical dissolution.
c. Cu cylinder electrode area 
electrode.
2= 20 cm surrounded by Pt gauze
d. Inside Cu tube filled with oil to prevent inside dissolution.
e. Saturated Cu(II) salt. pH= 1.
f. ToS representsp-toluene sulphonate.
composition, the anion type, heat and stirring, on the cell 
performance can be seen from tables T.8.2 to T.8.4. They can be 
summarised as follows. 
In terms of power, anions decreased in the following 
2+ 
order for near saturated Cu solutions of their salts: Cl->
2-TOS- > H2PO� > so4 . The position of Cl- in this order is not
surprising because 
i. CuC12 is very soluble in AN/H20 and therefore higher
2+ concentration Cu solutions could be prepared. Also
+ stabilisation of Cu by Cl- increases the voltage;
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ii. the electrode kinetics for Cu
2+/Cu+ and Cu+/cu0 couples in the
presence of Cl- are faster than in the presence of sulfate.7
Even though Cu(Cl04)2 is very soluble in AN/H20 , it could
not be used because the current in this case quickly fell to zero 
due to the formation of a passivating film of insoluble CuC104 on
the electrodes. High concentrations of AN produced a greater initial 
voltage and hence more energy. �igher temperatures resulted in an 
improvement in the discharge performance owing to a decrease in 
solution resistance. The effect of the cathode material on the 
battery performance was found to be in the order Pt� C >Ti> 
stainless steel> Pb. Stirring of the electrolyte also had an effect 
on the current density. An improvement of ca. 16% in the current 
density was typical of stirred electrolytes compared to unstirred. 
One of the most important features of a good battery is 
that its open circuit voltage decreases only slightly during the 
discharge of the cells until the exhaustion of one of the 
8electrochemical components. For batteries whose open circuit 
Table T.8.2 : 
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Effect of acetonitrile concentration and anion type 
on battery performance for cellulose separator cell.a
Pt / cu2+ ,Cu +;'cu













H20/CaC12 (2 M) 5 
30% AN 5 3.5 2 1 
50% AN 15 8.5 
a. Cu anode ( 20 cm2) Pt cathode, 50°C, stirred, pH 1- 2 (see
figure F.8.3). Cellulose separator is a soxhlet extraction 
thimble. Initial [cu
+] = 0.01 M.
b. [Cu
2+
] = 1 M, [Cl-] = 6 M.
c. [Cu
2+
] = 0.8 M, free p-toluenesulphonic acid= 0. 2 M.
d. [Cu
2+
] = 0.8 M, H3Po4 ~ 30% v/v giving viscous solution.
e. [Cu
2+
] :5 0.3 M, pH= 1.
f. [Cu
2+
] = 1 M, Cu
+ oxidised by HN03.
g. Averaged over the first 15 minutes of discharge. 
2 
Table T. 8. 3: 
a 
Initial power available from some battery systems 
(through 1 ohm external resistance). 
Power 
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641 1.2 770 
CuC1
2
/50% AN/20°C 392 0 • .570 223 
CuC1
2
/50% AN/50 °C 421 o. 719 302 
CuToS/30% AN/50°C
c 
165 0. L•34 70 
CuToS/50% AN/50 °C 320 0. 57 5 180 
Cuso
4
/30% AN/20°C 84 0.199 17 
Cuso
4





/30% AN/50°C 154 0.246 38 
a. Except for Leclanche cell all experiments were performed with
Pt/Cu electrodes in the stirred solutions indicated. Electrode 
areas = 20 cm2 each. Copper(II) salts were near saturated
solutions. pH = 1. 
b. Eveready size AA dry cell.
c. ToS represents p-toluenesulphonate.
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initial 60 mins initial 60 mins 
CuC1
2
/S0% AN 20 16.0 12.4 0.570 0.300 




20 12.0 6.8 0.560 0.284 
1 M 2 M 
50 12.0 7.0 0.527 0.455 
Cuso
4
/30% 4N 20 s.o
c
0.199 
50 5.8 0.222 
CuToS/50% AN 50 12.8 8.0 0.575 0.390 
Leclanche cell 20 ( 275
d
) (230









Measured through a 1 ohm external resistance .
Unstirred value = 4.2 mA/cm
2
.
Total current (mA) from Eveready AA dry cell, i.e. area 
e. After 2.2 hours.
2 
r� 1. cm •
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voltages decrease only slightly during discharge, the activities of 
the reactants and products remain relatively unchanged during the 
useful life of the cell. A typical discharge curve of cell C.8.2 
is shown in figure F.8.4. The electrolyte of this cell consisted of 
2+ + -0.9 M Cu , 0.1 M Cu (as T0S) with 0.1 M Et4NT0S as the supporting
electrolyte in 50 v/v % AN/H20. The internal resistance of this
cell was found to be 0.3 ohm after 5 minutes discharge and 0.6 ohm 
after 3 hour discharge. Figure F.8.4 shows that the cell suffers an 
initial rapid decrease in voltage as the external load of 1 ohm is 
applied. The voltage keeps on decreasing significantly with time 
rather than levelling out to a fairly constant value. At the end of 
2+ +the discharge cycle (200 mV 0CV) the concentrations of Cu and Cu 
were determined and found to be 0.4 Mand 1.14 M respectively. If 
the cell voltage follows a Nernstian behaviour, the total change in 
potential from the initial charged state to the final discharged 
state of the cell C.8.2 can be calculated as follows: 
cell potential (V) = difference of the potentials of the half 
cell reactions E.8.2 and E.8.3 
= 0 0 cu
2+ cu+ E - E + 59 (log -- - log -0) 
mV
l 2 Cu+ Cu 
where E� and E� are the standard electrode potentials of the half 
cells, represented by E.8.2 and E.8.3 respectively. 






E0 + 59 (1 °· 9 1 O.l) mV2 og 0.1 - og -1-
E� + 115. 3)m V. 
The cell voltage at the end, 
E0 - E0 + 59 (log� - log 
1
1
·14) mV1 2 1.14 













2+0-9 M Cu (ToS)2 } 50¾ v/v AN, 50°C/stirred0-1 M cu•To S 
Pt/Cu electrodes 




Cell voltage vs time plot for the discharge of cell C.8.2 







Therefore, expected overall change in the cell potential during 
discharge = V - V 
E s 
= -146 mV. 
Measured cell voltage at start, VM 
s 
= 550 mV.
Therefore, the voltage expected at the end 550 - 146 mV 
= 404 mV, 
voltage of the cell actually observed at the end = 255 mV, 
i.e. experimental Vfinal - Vinitial 255 - 550 = -295 mV. 
This calculation shows that the discharge of the cell C.8.2 does 
not follow the Nernstian behaviour. As the concentration of Cu+ 
235 
during the discharge of the cell is increased, 3 or possibly 4 
molecules of AN per 1 mole increase in the cu
+ concentration are
taken out from the solvent mixture and freeze into the salvation 
shell of Cu+. (Chapter 4, due to the preferential salvation effect.)
Thus as the discharge proceeds, the concentration of free AN in the 
electrolyte is effectively reduced and therefore the activities of 
+ 2+ 9 Cu and Cu change significantly (Chapter 4). Parker et al have
2+ + + 0 measured the electrode potentials of Cu /Cu and Cu /Cu couples as 
a function of Cu
+ concentration in 50 v/v % AN/H20. Their results
are plotted in figure F.8.5 and show that as the concentration of 
Cu+ is increased, the E
cu+/cu0 
couple tends to become positive and
the E
cu2+/cu+ 
couple tends to become negative. The direction of





becomes smaller as the concentration of cu+ is
increased. This explains why the voltage of cell C.8.2 decreases more 
than expected from the Nernstian behaviour, as the discharge of the 






Parker et al9 at the initial and final concentrations of Cu+ for the





2+ +· � Cu /Cu 
Figure F.8.5: 
2+ + Potentials of Cu /Cu and
+ 0
Cu /Cu couples at
different concentrations





0, pH = 3
at 25°C.
Data from reference 9.
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cell C.8.2 should be ca. -290 mV. This value compares favourably 
with the experimental value of Vfinal - Vinitial = -295 mV.
8. 4 CONCLUSION 
2+ 0 + The exploratory work on a Cu /Cu /Cu /AN/H20 battery
suggests that cells based on this system are capable of producing 
open circuit voltages of ca. 700 mV and working voltages through 
1 ohm external resistance of 200 - 700 mV at current densities 
2ranging from 5 - 16 mA/cm • The performance of rechargable batteries 
utilising ion exchange membrane separators suffers from high 
internal ohmic losses so that high current densities cannot be 
obtained. The use of porous partitions such as the soxhlet thimble, 
reduces the electrochemical efficiency, although the internal 
resistance is improved considerably. During the discharge of such a 
. 
+ battery in AN/H20, the activities of the Cu d C 2+ . l an u ions c1ange
significantly and the voltage of the cell does not follow the 
Nernstian behaviour. The battery drops to low potentials much more 
quickly than expected from the changes in the concentrations of Cu+ 
and Cu2+, and therefore the useful life of the battery is limited.
The commercial application of the battery as an extension of the 
Parker process3 is also limited by the same unfavourable discharge/ 
time characteristics and the complicated distillation procedure 
necessary for economical recharging at present. Further improvements 
in solar distillation techniques may improve the charging of the 
battery, but the problem of unfavourable discharge may remain unless 
efforts are made to replenish acetonitrile as the discharge proceeds. 
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